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 This thesis investigates oxides as solid base catalysts and as oxygen storage 
material. Solid base catalysts are widely used for the synthesis of fine chemicals 
because of their environmentally benign nature and the possibility to prepare different 
types of active sites (Brønsted and Lewis sites) with a range of basic strength. 
Understanding the nature of active sites present and correlation of the structure-
activity relationship helps in better understanding of the catalytic activity. 
Supported cesium and lanthanum oxides on SBA-15 were prepared using the 
wet-impregnation method and tested for the epoxidation of olefins using H2O2 as 
oxidant, after calcination at 500 °C. The supported cesium oxide catalysts were more 
active than the lanthanum oxide samples. With 10 wt% loading of cesium on SBA-15, 
97% conversion can be achieved after 5 h with a high selectivity of 90% to 
cyclohexene oxide. The use of surfactant, dodecyltrimethylammonium bromide, was 
important for a high conversion as the reaction mixture was bi-phasic, comprising of 
organic olefin and the aqueous H2O2. The surface area of the supported cesium oxides 
was lower than that of the lanthanum oxides. By forming a mixed cesium-lanthanum 
oxide phase on the support, a high surface area was obtained. However, the catalytic 
activity was decreased. 
Besides cesium and lanthanum oxides, Mg-Al hydrotalcite was also supported 
onto siliceous SBA-15 and MCM-41 to obtain high surface areas up to 700 m
2
/g and 
to allow better dispersion of the basic sites. These samples were active in the 
Knoevenagel condensation reaction between benzaldehyde and ethylacetocyanate 
and/or malononitrile.  
 
 viii 
Another base catalyst, KF supported on alumina, was investigated for the 
synthesis of pseudoionone by the aldol condensation of citral and acetone. After 
optimization of parameters, including acetone/citral ratio, reaction temperature and 
the catalyst amount, a very high selectivity of 95% to the desired product, 
pseudoionone, was obtained with 90 % conversion using a commercially available 
catalyst. Studies of the loading of KF on alumina showed that a loading of 8.5 mmol 
KF/g was even better with an excellent citral conversion 99% with 97% selectivity to 
pseudoionone. More importantly, the catalyst could be used as-synthesized without 
any pretreatment or activation procedure. This is clearly advantageous from a 
practical point of view. 
In the study on oxygen storage materials, nanocrystalline cerium-zirconium 
mixed oxides were prepared by the precipitation of hydroxides that were then 
subjected to hydrothermal treatment at 100 °C for 0 to 8 days. Hydrothermal digestion 
led to ceria-zirconia with higher surface area and thermal stability than the untreated 
oxide. These samples were more reducible as oxygen could be removed at a lower 
temperature than for the untreated ceria-zirconia. Despite calcination at 1000 °C, the 
surface area of the hydrothermally synthesized samples remained relatively high at 
~11–12 m2/g while the untreated Ce0.5Zr0.5O2 had only 4.2 m
2
/g. The continuous 
dissolution and reprecipitation of hydroxides during hydrothermal treatment is 
postulated to give a more defect-free structure which is able to withstand loss of 
surface area when exposed to high temperatures. 
 The addition of silica to ceria-zirconia further increased the surface area and 
the oxygen storage capacity. Hydrothermally treated 4 wt% Si loaded ceria zirconia 
samples had OSC values of 0.65-0.69 mmol O2/g, which indicates that about 77-80% 
of the cerium can be reversibly reduced and reoxidized at 700 °C. However, the silica-
 ix 
containing oxides suffered severe loss in surface area after calcination at 1000 °C. The 
XPS studies revealed the formation of a surface overlayer of zirconium-rich silicate 
phase which possibly decreased the oxygen storage capacity. The addition of Fe is 
also helpful to a higher oxygen storage capacity. Under oxidizing conditions, iron acts 
as an additional oxygen storage component through the multiple oxidation state of Fe. 
The OSC shows a strong dependence on surface area for ceria–zirconia with less than 
50 m
2
/g but for high surface area oxides, the amount of exchangeable oxygen is 
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1.1 General introduction 
Catalysts can be classified roughly according to their phase behavior as 
homogeneous and heterogeneous catalysts. For heterogeneous catalysis, the catalyst 
and the reactants are in different phases. The reactants may be either in the gas phase 
or liquid phase while the catalyst is usually in the solid phase, thus heterogeneous 
catalysts are also known as solid catalysts. The increasing social and environmental 
pressure on the industry to substitute the traditional homogeneously-catalyzed 
reactions with environmental friendly technologies is the driving force for the 
development of heterogeneous catalyst. Indeed, solid catalysts have many advantages 
over liquid catalysts, such as reduced corrosion and environmental problems. Solid 
acid and base catalysts have been used in many industrial processes and their surface 
properties and structures have been analyzed by newly developed instruments and 
highly sophisticated techniques.  
 
 
1.2 Solid base catalysts 
Solid acid catalysts have been extensively studied in the past 40 years due to 
the demand in the petroleum and petrochemical industries. In contrast, fewer efforts 
have been made to study solid base catalysts. Comparing the industrial applications of 
solid acid and base catalysts, only 8% of the processes employ solid base as catalyst 
[1]. There are, however, numerous reactions such as isomerization, additions, 
alkylations and cyclizations, which are carried out industrially using liquid base 
 2 
catalysts. Solid base catalysts have many advantages over liquid bases or 
organometallics as they present fewer disposal problems while allowing easier 
separation and recovery of the products, catalyst, and solvent. They are also non-
corrosive. Thus, solid base catalysts offer environmentally benign and more 
economical pathways for the synthesis of fine chemicals. The replacement of liquid 
bases by solid base catalysts not only allow easy separation and recycle of the catalyst 
from the reaction mixture, but also in many cases, the possibility to prepare solid base 
catalysts with different nature of active sites (Brønsted or Lewis sites), and with a 
wide range of basic strengths. Because of these advantages, research on the synthesis 
of fine chemicals using solid bases as catalyst has increased over the past decade.  
 
 
1.3 Types of solid base catalysts 
The study on the solid base catalysts was started by Pines et al [2] who 
showed that sodium metal supported on alumina is an effective catalyst for double 
bond migration of alkenes. There are many different kinds of solid base catalyst 
reported in the literature, as tabulated in Table 1-1. These include alkali ion-
exchanged zeolites [3], sepiolites [4], alkaline oxides supported on microporous [5] 
and mesoporous solids [6], sodium metal clusters in zeolites [7], alkali metals 
supported on alumina (Na/NaOH/γ-Al2O3), alkaline earth solids such as magnesium 
and barium oxides, and aluminum magnesium mixed oxides derived from 





1.3.1 Metal oxides 
Alkaline earth metal oxides such as MgO and CaO are active solid base 
catalysts for various reactions. The catalytic activity of MgO and CaO prepared from 
Ca(OH)2 and  Mg(OH)2 depends very much on the pretreatment temperature under 
vacuum. High temperature is required to remove adsorbed water and carbon dioxide 
[10, 11]. The nature of the basic sites depends on the severity of the pre-treatment 
conditions. Molecules that interact weakly with the surface are desorbed at lower pre-
treatment temperatures while those that interact strongly are desorbed at higher 
temperatures. The basic sites generated by low pre-treatment temperatures are 
suggested to be different from those formed at high temperatures. If only simple 
desorption of molecules occurs during pre-treatment, then the basic sites that are 
formed at high temperatures should be stronger than those formed at lower 
temperatures. However, often, rearrangement of surface and bulk atoms may occur 
during pre-treatment, thus changing the number and nature of the surface basic sites. 
MgO and CaO free from impurities are superbases, which is defined as materials 
having basic sites with the Hammett constant ≥ 26. CaO and MgO are useful catalysts 
in a variety of organic reactions such as isomerization of alkenes, hydrogenation of 
alkenes, addition of amines to dienes, and aldol condensation of acetone. 
 
 
1.3.2 Supported catalysts 
Bulk metal oxides possess a poor specific surface area that seriously hinders 
their efficiency as catalysts. A convenient way to overcome this problem is to either 
coat a support with the metal oxide nanoparticles or to disperse them within a porous 
host that has a high surface area. Alkali metals can be loaded onto the supports by 
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impregnation from their ammoniacal solution. The activities of Na(NH3)/Al2O3 and 
K(NH3)/Al2O3 depend very much on the evacuation temperature after the 
impregnation [12]. The nature of active species in K(NH3)/Al2O3 was deduced by 
infrared spectroscopy and TPD to be KNH2. Yamaguchi and Wang et al [13-15] 
prepared superbases by dispersing potassium salts such as KNO3, K2CO3, KHCO3 on 
alumina or zirconia followed by thermal treatment.  
 
KF/Al2O3 was used by Clark et al [16] as an efficient solid catalyst for base-
catalyzed organic reactions. Controversial results have been reported on the identity 
of active species in this catalyst. It is well established that the following reaction 
occurs during the catalyst preparation. 
6KOHAlF2KO3HOAlKF12 63232   
Initially potassium hydroxide, alumina-supported KF or the remaining fluoride ions 
was considered to be the active species. The activity was found to depend on the 
pretreatment temperatures [17]. Furthermore, for the double bond isomerization of 1-
pentene and the Tishchenko reaction of benzaldehyde, the alumina-supported KOH 
and K2CO3 were less active than KF supported on alumina. These results suggest that 
the active sites are associated with F
-
 rather than O
2-
. Hattori et al [18] proposed that 
the main species containing F was K3AlF6, although this was not related to the 
formation of active species. The surface species which is related to the catalytic 
activity is the F
-







The basicity of supported KF can be significantly increased by a proper choice 
of support [19]. KF/α-alumina is reportedly a stronger base, than KF/γ-alumina for 
Michael reactions, despite the lower surface area of α-alumina. The higher basicity is 
probably due to the dispersion of KF in small crystals on the support. More recently, 
CsF supported on α-alumina was also found to be an efficient basic catalyst [20]. 
 
 
1.3.3 Basic zeolites 
Zeolites are aluminosilicates that are constructed from TO4 tetrahedra, with 
each apical oxygen atom shared with an adjacent tetrahedron. Zeolites are generally 
used in the alkali metal ion-exchanged form or they serve as a support for small alkali 
metal oxide particles. Alkali ion-exchanged zeolites, however, behave as weak bases 
and the origin of the basicity is believed to be the oxygen ions in the zeolite 
framework. The base strength of alkali ion-exchanged zeolites has been rationalized 
by the negative charge of the oxygen atoms [21, 22]. The basic strength and the 
density of basic sites in alkali ion-exchanged zeolites decrease with an increase in 
framework Si/Al ratio. However, the basic strength increases with an increase in 
electropositivity of the countercation in zeolites [23, 24]. Thus, the relatively high 
aluminum content of zeolite X (Si/Al = 1–1.5) results in a substantial framework 
negative charge, making zeolite X one of the most basic zeolites when in the alkali-
exchanged form. Normally, the basic strength of alkali ion-exchanged zeolites 

















Strongly basic catalysts can be prepared by impregnating CsNaX and CsNaY 
with cesium acetate followed by thermal decomposition of the acetate into the oxide 
[17, 26, 27]. The resulting zeolite possesses higher basic strength than the ion-
exchanged zeolite. Various evidences including 
133
Cs NMR and temperature 
programmed desorption indicate that the active species is nanophase cesium oxide 
occluded in the supercage of the zeolites. MgO and BaO were also introduced into the 
zeolites to form strong basic sites [28, 29]. Impregnation of zeolite with an alkali 
azide followed by controlled thermal decomposition results in ionic or neutral metal 
clusters. Martens et al [7, 30] formed metallic sodium particles inside zeolites by 
decomposition of occluded sodium azide. These catalysts catalyzed the isomerization 
of butenes at 300 K and were also active for the side chain alkylation of toluene with 
ethylene at 523 K. Ytterbium and europium species were introduced into Y-zeolites 
from the ammoniacal solution of the corresponding metal salts [31, 32]. These 
materials showed high catalytic activity for 1-butene isomerization at 273 K, after 
preheating under vacuum at 500 K. TPD and infrared spectroscopic studies revealed 
that the active species were imide or amide of the metals [33].  
 
 
1.3.4 Mesoporous materials 
Although, basic zeolites have been used in a broad spectrum of reactions, they 
are limited in some cases due to the small pore openings, which prevent bulky 
molecules from reaching the active sites located in zeolite cages. The use of 
mesoporous supports may offer an opportunity to avoid diffusion problems. Since the 
disclosure by Mobil in the early 1990s of the synthesis of mesoporous materials with 
regular structure, the so-called MCM-41 series has drawn considerable attention [34]. 
 7 
Sodium and cesium cation-exchanged MCM-41 were mild, selective, water stable and 
recyclable catalyst for Knoevenagel condensation reactions [35]. However, the 
impregnated cesium oxide clusters in the pores of MCM-41 did not show good 
thermal nor chemical stability. After repeated calcination or usage, aggregation of the 
cesium oxide particles and a significant reduction of the specific surface were 
observed. The latter was attributed to a reaction of cesium oxide with the MCM-41 
material possibly forming a cesium silicate species [6]. More stable materials were 
obtained by impregnating MCM-41 simultaneously with cesium acetate and 
lanthanum nitrate [36]. In this case, a CsLaOx guest compound was formed in the 
channels of MCM-41. However, its base strength was lower than that of pure CsOy 
guest oxide.  
 
Functionalized mesoporous basic material can be prepared by the 
immobilization of an organic base, such as amino groups, cinchonine, β-
aminoalcohols or quaternary organic ammonium hydroxides, on the surface of a 
carrier material such as mesoporous silica. By forming a covalent bond between the 
inorganic host and the organic guest species, a higher stability against leaching is 
expected. Macquarrie [37] first reported the one-pot synthesis of surface-modified 
mono-dispersed MCM-type silica, and further found that MCM-type silicas having 
aminopropyl groups were effective base catalysts for the Knoevenagel reactions [38]. 
Chauvel and coworkers [39] developed procedures for anchoring primary and tertiary 
amines at the silanol groups of MCM-41. Various organic bases such as piperidine, 
pyrrolidine, pyrimidine or triazabicyclo[4,4,0]dec-5-ene can be bound to the surface 
of MCM-41 by reacting it with 3-chloropropyltriethoxysilane. The organic-inorganic 
hybrid materials are less strongly basic than the corresponding free organic molecules 
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and possess a wide distribution of base sites with different strengths. This has been 
attributed to H-bonding interaction of the amine with residual silanol groups. 
Nevertheless, these organic-inorganic hybrid materials maintain the advantages of the 
inorganic support, like high surface area and stability. While organo-functionalized 
MCM-41 materials are truly fascinating, they possess two drawbacks that can hamper 
their widespread use as catalysts: (i) their preparation is rather complicated and 
expensive and (ii) they can only be applied at temperatures lower than 170 °C as 
degradation of the organic molecules occurs at higher temperatures. This also rules 
out reactivation of the spent catalysts at elevated temperatures. 
 
 
1.3.5 Layered clay materials 
In the last decade hydrotalcites (HT) have attracted much interest as solid base 
catalyst. Hydrotalcite is an anionic clay with a structure similar to that of brucite 
(Mg(OH)2), where part of the Mg cations is replaced with Al
3+
 and the resulting 
positive charge is compensated by anions, typically carbonate, located in the 
interlayer between the brucite-like sheets [40]. The typical formula for hydrotalcite is 
Mg6Al2(OH)16CO3.4H2O. However, hydrotalcite as synthesized does not display 
significant activity and an activation procedure is required. Reichle et al [41, 42] 
demonstrated in 1980s that upon calcination of hydrotalcite, a mixed oxide of the type 
Mg(Al)O was formed and this material can be used as a catalyst for the liquid phase 
condensation of acetone to diacetone alcohol and mesityl oxide. These mixed oxides 
exhibits Lewis basicity and have been used as catalyst for both gas phase as well as 
liquid phase reactions, such as cycloaddition of CO2 to epoxides [43], isomerization of 
isophorone [44], Claisen-Schmidt condensation of acetophenone and benzaldehyde 
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[45], condensation of benzaldehyde with activated methylenic groups [8], 
condensation of benzaldehyde with acetone [46] and condensation of citral with 
acetone [47]. However, low activities are generally observed.  
 
A typical feature of HT materials is the possibility to reconstruct the original 
layered HT structure from the heat-treated HT. This was first demonstrated by Miyata 
[48]. The Mg(Al)O mixed oxide may be reconstructed when contacted with water at 
conditions close to ambient, provided that the calcination temperature does not exceed 
that leading to the appearance of the spinel phase MgAl2O4 [49]. This reconstruction 
possibility probably originates from the fact that the cations in the mixed oxide more 
or less retain their position with respect to the HT precursor. With the exclusion of 
CO3
2-
 during rehydration OH
-
 groups can be intercalated. This method has also been 
effectively used for the intercalation of other interlayer anions than carbonate or OH
-
. 
Tichit et al [50] and Rao et al [51] were the first to report that the use of a rehydrated 
HT catalyst, gave very high activity and selectivity, for the liquid-phase condensation 
of benzaldehyde and acetone. Rehydrating with the exclusion of other anions and CO2 
restores the original hydrotalcite structure to a large extent and strong basic (OH
-
) are 
incorporated in the interlayer.  
 
Many methods of preparing HT with interlayer OH
- 
have been reported, such 
as activation via aqueous ion-exchange [52] or preparation via a sol-gel method [53]. 
Activated hydrotalcites have been investigated in many reactions, such as, aldol-type 
condensation, Knoevenagel condensation, Micheal addition, Claisen-Schmidt 
condensation at ambient temperature and appreciable conversion and selectivity were 
observed. 
 10 
1.4 Applications of solid base catalyst for organic reactions 
Bases are usually used in organic reactions to deprotonate and form carbanion 
intermediates. In the field of fine chemicals production, important steps in the 
synthesis of relatively large and complex molecules include carbon-carbon bond 
forming reactions such as Knoevenagel condensations or Michael additions. This is 
why base-catalyzed reactions usually find more applications in intermediates and fine 
chemical synthesis. Replacing the conventional homogeneous base catalysts, mostly 
solutions of alkali metal hydroxides and alkoxides, by solids can be desirable for 
various reasons. Undesired side reactions (polymerization, self-condensation) can be 
suppressed while salt formation due to the necessary neutralization of the soluble 
bases may be avoided. The main base catalyzed reactions studied in this thesis are 
epoxidation, Knoevenagel reactions and aldol condensation.  
 
 
1.4.1 Epoxidation reaction 
The epoxidation of olefins, unsaturated aldehydes or ketones by H2O2 or 
organic peroxides is base catalyzed and involves a nucleophilic addition by HO2
-
 
through a Michael type mechanism. The perhydroxyl anion HO2
- 
results from the 
attack of hydrogen peroxide by hydroxyls. The presence of nitrile is essential for the 
epoxidation of unfunctionalized olefins. The base acts as a catalyst for the formation 
of perhydroxyl anion species (Equation 1). These perhydroxyl anion species then 
nucleophilically attacks the nitrile to generate peroxycarboximidic imide as an active 
intermediate oxidant (Equation 2) [54]. 
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OHHOOHOH 2222 
















                                     (3) 
 
Yadav and Kapoor [55] first reported on the epoxidation of activated alkenes 
by t-butylhydroperoxide using KF/Al2O3 catalyst. However, H2O2 cannot be used as 
an oxidant for this catalytic system. In contrast, hydrotalcites were found to be 
effective catalysts for the epoxidation when hydrogen peroxide is the oxidant. 
Yamaguchi et al [56] reported that the epoxidation of 2-cyclohexen-1-one to 2,3-
epoxycyclohexanone resulted in 91 % yield at 313 K using hydrogen peroxide. The 
importance of proper pretreatment can be seen in the lack of activity of MgAl mixed 
oxides for the epoxidation of unsaturated ketones using t-butyl hydroperoxide. Only 
after decarbonation and rehydration of the surface, did these solids become active.  
 
 
1.4.2 Knoevenagel reaction 
Knoevenagel reaction involves the condensation between a carbonyl 
compound (aldehyde or ketone) and an active methylene compound. The reaction is 












R1=Ph, PhCH CH2,2-Furyl, 4NO2C6H4, R2=H, Me Y=CN, COOEt                                  (4) 
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Knoevenagel reactions between substituted benzaldehydes with ethylcyanoacetate, 
ethyl malonate and ethyl acetoacetate were catalyzed by basic faujasite zeolite to 
obtain intermediates for the production of dihydropyridine derivatives [3]. The 










R=NO2, CF3                       (5) 
 
An interesting example reported recently is the coupling of the condensation 
reaction with hydrogenation for the one-pot synthesis of α-alkylated nitriles, which 
are important building blocks in biologically active compounds (Equation 6). A wide 
variety of carbonyl compounds and nitriles were reacted using palladium 
nanoparticles supported on hydrotalcites [57]. Hydrogenation of the olefinic double 

















                       (6) 
 
 
1.4.3 Aldol condensation  
The aldol condensation is an important C-C bond formation reaction involving 
coupling of carbonyl compounds. The aldol self condensation of acetone is catalyzed 
by variety of solid bases such as alkaline earth oxides, La2O3, ZrO2, Ba(OH)2 [10, 59]. 
In the presence of hydrotalcite bearing OH
-
 ions, cross aldol condensation of acetone 
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with substituted benzaldehyde at 333 K gives selectively the dehydration product of 









     (7) 
 
Activated hydrotalcites are used in the condensation of citral and acetone to 
form pseudoionone, an intermediate in the commercial production of vitamin A 
(Equation 7). Even at 273 K, a conversion of 65% with 90 % selectivity could be 
obtained. However, the citral concentration was low, only 1 wt% [61]. Climent et al 
[62] found that both calcined and rehydrated hydrotalcites could catalyze the reaction 
at 333 K with good conversion and selectivity. A higher rate of reaction was observed 
for the rehydrated hydrotalcites than the calcined hydrotalcite precursors.  
 
The Claisen-Schmidt condensation involves a ketone and an aldehyde. 
Vesidryl, which is of pharmacological interest owing to its diuretic and choleretic 
properties, can be formed from the Claisen-Schmidt condensation between substituted 
acetophenone and substituted benzaldehyde (Equation 8). By using calcined 
hydrotalcite as a catalyst (5 wt%), 85% yield of vesidryl was obtained at 170 °C after 

















1.5 Three-way catalyst 
Automotive exhaust gases formed in the gasoline engines contain many 
environmentally harmful compounds such as carbon monoxide, hydrocarbons and 
NO. These gases result from the incomplete combustion of gasoline. Catalytic 
purification is necessary to reduce the emissions from the exhaust gases. Due to the 
legislative requirement for low-emission vehicles, most automobiles are currently 
supplied with three-way catalytic converters (TWC) for the simultaneous removal of 
the major pollutants. The 3-way catalyst is supported on a honeycomb-like, 
monolithic structure, made either from metallic (stainless steel) or ceramic (cordierite) 
material. The washcoat, typically consisting of porous oxides, such as γ-Al2O3 and 
precious metals, is impregnated onto the channel walls. The thickness of the washcoat 
layer is 20-60 µm and has a large surface area of approximately 50-200 m
2
/g. Due to 
the monolithic structure, diffusional resistance is minimal and gases can easily reach 
the active surface sites, allowing close to 100% conversion with a high catalytic 
activity.  
 
TWCs are capable of simultaneously and efficiently converting CO, 
hydrocarbon (HC) and NOx into harmless CO2, H2O and N2, provided the air-to-fuel 
ratio (A/F) is constantly kept at stoichiometry. To ensure this, the exhaust gas 
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purification system consists of the catalytic converter, oxygen sensor, and 
electronically controlled air fuel management system. The A/F ratio must be kept 
within a narrow range to achieve high conversions of CO, NOx and HC (Figure 1-1) 
[63]. If the A/F ratio is below 14.6, the exhaust gas contains more reducing reactants 
(CO, HC) than oxidizing reactants (O2, NOx) and the engine operates under rich 
conditions. If the A/F-ratio exceeds 14.6, the engine operates under lean conditions. 
The reduction reactions of NOX are favoured under rich conditions, whereas the lean 
conditions favor the catalytic oxidation reactions of CO and hydrocarbons. The 
required tight stoichiometry constraints in a randomly oscillating dynamic combustion 
are not easily attainable. Thus, there is a need for materials which can act as a buffer 




The main role of the “oxygen storage component” is to diminish the effects of 
the oscillating feed stream between rich and lean exhaust stoichiometries. It should 
extend the three-way window on the lean side of stoichiometry by acting as a sink for 
gas-phase oxygen during rich-to-lean transients. On the other hand, the oxygen 
storage component should also promote oxidation of reductants, like CO, during lean-
to-rich transients. Ceria was recognized as a promising storage material because of its 
combination of facile redox cycling between the trivalent and tetravalent Ce ions, ease 
of impregnation into alumina and most importantly, availability and affordability. In 
the exhaust environment the following reactions have been proposed to account for 
the storage of oxygen [64], 
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2232 2CeO0.5OOCe   
2232 0.5N2CeONOOCe   
22232 H2CeOOHOCe   
 And for its release, 
OHOCeH2CeO 23222   
2322 COOCeCO2CeO   
 
1.5.2 Role of CeO2 in TWCs  
Cerium oxide or ceria has the fluorite structure, consisting of cubic close-packed 
array of metal atoms with all the tetrahedral holes filled by oxygen (Figure 1-2) [65]. 
During reduction, CeO2 forms a continuum of oxygen-deficient, nonstoichiometric 
CeO2-x oxides (with 0 < x ≤ 0.5). Even after the loss of considerable amount of 
oxygen, CeO2 still remains in its fluorite crystal structure and are readily reoxidized to 
CeO2 by exposure to an oxidizing environment. Ceria was proposed to have multiple 
effects on the three way catalysis [66]. Ceria was suggested to  
 promote the noble metal dispersion 
 increase the thermal stability of Al2O3 support 
 promote noble metal reduction and oxidation 
 favour catalytic activity at the interfacial metal supported sites 
 promote CO removal through oxidation employing lattice oxygen 





1.5.3 Deactivation of oxygen storage capacity 
Three-way catalysts operate under dynamic and fluctuating conditions and 
catalytic reactions occur at normal exhaust gas temperatures. In warmed-up gasoline 
engines, this can vary from 300°C to 400°C during idle to about 1000°–1100°C, 
depending on the driving conditions [67]. Practical use under thermally harsh 
conditions resulted in significant decrease in the surface area of ceria, thus degrading 
its crucial oxygen storage and release property. Also increasing restrictions on the 
standards for the automotive emissions have set new challenges for the development 
of new automotive TWCs. Fundamentally different approaches were developed still 
employing ceria but in solid solutions with other metal oxides.  
 
 
1.5.4 Ceria based systems 
To improve the thermal stability and ability to store and release oxygen during 








, are normally introduced into 
ceria. Many CeO2-based systems (e.g., CeO2–Al2O3
 







[71]) have been examined. The ceria-
alumina system has been widely used as the components in commercial catalysts to 
operate automotive three-way catalysts [72, 73]. However, under reducing conditions 
above 900 °C, ceria reacts with alumina to form CeAlO3 which does not undergo 
reversible reoxidation to the initial ceria-alumina system. This also result in a loss of 
surface area and reduced OSC [71].  Several studies have been carried out on CeO2-
SiO2 system, especially with ceria supported on silica. The enhanced OSC is 
correlated to the formation of a new Ce9.33(SiO4)6O2 phase, which was detected by 
XRD and HRTEM–EDX studies. The new phase induces the stabilization of small 
 18 
ceria crystallites [74]. The insertion of zirconium ions into ceria has been found to be 
extremely beneficial in terms of thermal stability and oxygen storage [75, 76]. 
However, the reasons for enhanced oxygen storage are still not clear although it is 
widely believed that the resulting distortion of the metal-oxygen bonds results in 
highly mobile lattice oxygen so that the reduction is not only confined to the surface 
layers but extends deep into the bulk [77]. 
 
 
1.6 Aims of the present study 
Base catalysts have a variety of applications in organic synthesis and provide a 
green synthetic route for the synthesis of fine chemicals. In this work, the synthesis of 
supported base catalysts was carried out in order to maximize the surface area. 
Cesium oxide and lanthanum oxides were supported on mesoporous supports. A basic 
system of KF on alumina was also studied with regards to its preparation and activity. 
The catalysts were applied to a number of reactions. These include Knoevenagel 
reaction, synthesis of pseudoionone and epoxidation of olefins. Understanding the 
nature of active sites present and correlation of the structure activity relationship helps 
in better understanding of the catalytic activity. Another project focuses at ceria-
zirconia system and how preparation and dopants can affect their textural and oxygen 
storage property. Ceria-zirconia system is investigated with an aim to improve its 
thermal stability and to understand the role of surface area in oxygen storage. 
 
The following summarizes the aims of the project, 
1. An investigation of the physical and chemical parameters that may influence the 
synthesis of supported metal oxides with different basicities. 
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2. Characterization of the synthesized materials by powder XRD, nitrogen adsorption, 
temperature programmed techniques and transmission electron microscopy (TEM). 
3. Catalytic testing of supported bifunctional metal oxides for the epoxidation 
reactions of various olefins using H2O2 as a green oxidant. 
4. To study the influence of preparation parameters for the synthesis of supported 
hydrotalcite catalysts and to test the basicity using Knoevenagel reactions. 
5. Synthesis of pseudoionone by aldol reaction between citral and acetone using 
supported KF as catalyst. 
6. To study the influence of preparation parameters on the thermal stability and 
oxygen storage capacity of ceria-zirconia.  
7. To investigate the effect of dopants such as silica and iron on ceria zirconia in the 



















Type Typical catalyst Example 
Single metal oxide Alkaline earth metal oxide MgO, CaO, SrO, BaO 
 Rare earth oxide La2O3, Yb2O3 
 Transition metal oxide ZrO2 
Mixed metal oxide Mg-Al mixed oxide MgO-Al2O3 
 Mg-Ti mixed oxide MgO-TiO2 
Zeolites Alkali ion exchanged zeolites Na, K, Cs ion exchanged X, Y 
 Alkali metal or metal oxide occluded 
zeolites 
Na, K, Cs occluded X, Y 
Supported catalyst Alkali metal ions on alumina/silica KF/Al2O3, Na/NaOH/Al2O3, 
 Alkali metal on alkaline earth oxides Na/MgO, 
Clay and modified 
clay 
Hydrotalcites, calcined and rehydrated Mg-Al hydrotalcites 
 Sepiolite Magnesium silicate 
Mesoporous 
materials 
Modified mesoporous material MgO/MCM-41 





Figure 1-1. Typical TWC conversion efficiency plot for HC, CO, and NOx as a 
function of air–fuel ratio. Also shown are representative air–fuel ratio vs. time traces 
for 1986 and 1990 vehicles with the control bandwidth mapped onto the catalyst 












Figure 1-2. Structure of cubic ceria cations (small filled circles) and oxygen ions 
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2.1 Catalyst characterization techniques 
The main characterization techniques used in this study include powder X-ray 
diffraction (XRD), nitrogen adsorption, temperature programmed desorption (TPD), 
temperature programmed reduction, X-ray photoelectron spectroscopy (XPS) and 
transmission electron microscopy (TEM). 
 
2.1.1 X-Ray powder diffraction 
Powder XRD is used to identify bulk phases, to monitor the kinetics of bulk 
transformations and to estimate particle sizes. X-Ray diffraction is based on the 
interaction of the incident rays with a sample to produce constructive interference. 
Bragg’s law relates the wavelength of the electromagnetic radiation to the diffraction 
angle and the lattice spacing in a crystalline sample:  
 sin2dn   
where λ is the wavelength of the x-rays, d is the distance between the lattice planes, θ 
is the angle between the incoming x-rays and the normal to the reflecting lattice plane 
and n is the integer called the order of reflection. Crystal structure and the lattice 
parameters can be calculated from the d-spacing. Each crystalline solid has its unique 
characteristic x-ray diffraction pattern which may be used as a fingerprint for its 
identification.  
 
Powder diffractometers come in two basic configurations: θ-θ in which the x-
ray tube and the detector move simultaneously or a θ-2θ setup in which the x-ray tube 
is fixed, and the specimen moves at ½ the rate of the detector to maintain θ-2θ 
geometry. In this study, XRD measurements were made using a Siemens 5005 
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diffractometer which is a θ-θ system. The diffractometer is equipped with a Cu anode 
and variable slits. The Cu anode was operated at 40 kV and 40 mA and the measured 
area was kept constant at 20 x 20 mm. The sample was ground into fine powder and 
pressed tightly on the sample holder to have a smooth flat surface. A typical setup for 
the XRD measurement of ceria-zirconia is as follows: 2θ range from 25° - 70° with a 
step size of 0.02° and 1 s per step. For SBA-15 samples, a Bruker D8 GADDS was 
used. The sample-to-detector distance was 30 cm and Cu Kα radiation was used. 
 





D   
where, K is a constant taken as 0.9, θ is the angle between the X-ray beam and the 
normal on the reflecting plane,  is the wavelength of Cu K=0.15418 nm, β is the 
peak line width. The peak line width β is corrected for the instrumental broadening, 
where 22 bB   B is the measured peak width and b is the instrumental 
broadening. A smaller step size of 0.004 ° was used when the crystallite size was to be 
determined. Curve fitting was carried out using the Topaz software.  
 
2.1.2 BET surface area and porosity measurement 
Gas adsorption is the most popular method for determining the surface area 
and pore size characterization of porous materials. In 1930’s, Brunauer, Emmett and 
Teller (BET) extended Langmuir’s theory of monolayer adsorption to multilayer 
adsorption. The BET theory assumes that the uppermost molecules in the adsorbed 
stacks are in dynamic equilibrium with the vapor. This means that where the surface 
is covered with only one layer of adsorbate, an equilibrium exists between that layer 
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and the vapor; where two layers are adsorbed, the upper layer is in equilibrium with 
the vapor, and so forth. Also, it assumes that there is no interaction “horizontally” 


















where, V is the volume of gas adsorbed at pressure P, Po is the vapor pressure of the 
gas at temperature T; Vm is the volume of the gas adsorbed when the adsorbent 
surface is covered with monolayer. The constant C is mathematically related to the 
heat of adsorption.  
 
A plot of 1/V[(P/Po)-1] versus P/Po is usually a straight line in the range 
0.05≤P/P0≤0.35. Thus Vm can be determined by solving the slope and intercept, and 
the total surface area can be calculated from the equation,  
M
ANV
S xmt   
where, Ax is the cross sectional adsorbate area (for nitrogen Ax = 16.2 Å
2
) [2],  M  is 
the adsorbate molecular weight, N  is the Avogadro’s number. The specific surface 
area can be determined by dividing St by the sample weight. Nitrogen is usually 
employed as the adsorbate, although argon or xenon can be used to size low surface 
areas. 
  
Micromeritics Tristar 3000 was used for the surface area and pore size 
measurement. Prior to the measurements, the samples were degassed in a sample tube 
at 300 °C under the flow of N2 for 4 h to remove any adsorbed moisture. Dry sample 
weight was recorded and the sample was transferred to the analysis port of the 
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instrument. The sample was cooled to liquid nitrogen temperature (-196 °C), and N2 
gas was introduced at a series of precisely controlled pressures. With each 
incremental pressure increase, the number of gas molecules adsorbed on the surface 
increases. The equilibrated pressure (P) is compared to the saturation pressure (Po) 
and their relative pressure ratio (P/Po) is recorded along with the quantity of gas 
adsorbed/desorbed by the sample at each equilibrated pressure. Multipoint BET 
surface area and adsorption/desorption isotherms were determined from nitrogen 
adsorption. The pore size distribution was calculated from the desorption curve using 
the Barrett, Joyner and Halenda method.  
 
2.1.3 Temperature programmed desorption 
Temperature programmed reaction methods form a class of techniques in 
which a chemical reaction is monitored while the temperature increases linearly in 
time. All these techniques are applicable to real catalysts and have the advantage that 
they are experimentally simple and inexpensive in comparison to many other 
methods. In this study, TPR and pulse techniques were used to monitor the reduction-





Figure 2-1. Schematic diagram of temperature program desorption equipment [V1-V4 
fine tuning valves, G1, G2 - pressure gauges, TC1, TC2 - thermocouples, TP - 
temperature controller, QMS-mass spectrometer, S-sample]. 
 
The TPD set up is shown in Figure 2-1. For determining the OSC, the sample 
was first pretreated at 700 °C for 2 h in a flow of helium (50 ml min
-1
), to remove any 
adsorbed moisture. After cooling to room temperature in He, the gas was switched to 
10 % CO/He (total flow 30 ml min
-1
). The temperature was increased at 10 °C min
-1 
to 
700 °C and the CO and CO2 signals were monitored by a quadrupole mass 
spectrometer (Balzers Prisma 200). Once the temperature was reached, the reactor 
was flushed with helium for 1 h. Pulses of oxygen were introduced to the sample at 
700 °C using a 500 l sample loop. The oxygen storage capacity (OSC) at this 
temperature was estimated from the number of pulses required before the oxygen 
breakthrough. Once the oxygen signal reached the maximum signal height, the sample 
was considered to be oxidized. The temperature was cooled to 600 C in He and 10 % 
CO/He was introduced. The CO signal in the gas leaving the reactor was monitored 





sample was considered complete. The sample was then flushed with helium for an 
hour, and oxygen pulses were introduced to reoxidize the sample. The same procedure 
was repeated at 500 °C and 400 °C. 
 
In addition, the OSC was checked by a Mettler STARe thermogravimetric 
analyzer coupled to a Balzers Thermostar mass spectrometer. Typically, 50 mg of the 
sample was taken in an alumina pan with the same as reference. The sample was 
heated up to 700 °C in a flow of helium (50 ml min
-1
) to remove any adsorbed 
moisture and cooled to 100 °C. A mixture of 10% CO in He (50 ml min
-1
) was 
introduced and the temperature was ramped up to 700 °C at a rate of 10°C min
-1
. The 
OSC was deduced from the weight loss of the sample during reduction. After flushing 
with helium for 45 min at 700 °C, purified air (50 ml min
-1
) was introduced and 
equilibrated for 60 min. The sample weight was recorded as a function of time and 
temperature. The evolved gases were analyzed using a mass spectrometer 
(Thermostar).  
 
The number of basic or acid sites can also be monitored by TPD, using CO2 or 
ammonia, as the probe molecule, respectively. The sample was first pretreated at 500 
ºC for 2 h in helium (50 ml min
-1
) and subsequently cooled to room temperature. 
Carbon dioxide was introduced for 30 min. Physisorbed carbon dioxide was removed 
by flushing the sample under a helium flow for 2 h. The TPD measurement was then 
carried out using a temperature ramp of 10 ºC min
-1
 from 150 ºC to 500 ºC using 50 
ml min
-1
 of helium. The final temperature should not exceed the temperature at which 
the sample was prepared, to avoid the emission of additional species other than the 
probe molecule. The desorbed carbon dioxide was measured by the quadrupole mass 
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spectrometer. Quantitative analysis was done by calibrating the CO2 signal. For 
calibration, CO2 pulses were injected using a 250 μl sample loop and the area of 
signal peak was measured.  
 
2.1.4 Inductive coupled plasma – Atomic emission spectroscopy (ICP-AES) 
ICP-AES is an emission spectroscopic technique, based on the fact that the 
excited electrons emit energy at a given wavelength as they return to the ground state. 
The intensity of the energy emitted is proportional to the concentration of the element 
in the analyzed sample. 
 
A Thermo Jarrell Ash Duo Iris ICP-AES machine was used for the analysis. 
The weight of the sample was measured accurately to 3 decimal places. The samples 
were digested completely using appropriate acids to form stock solution. For ceria-
zirconia and silica doped ceria-zirconia, HF (40%) solution was used to dissolve the 
samples. For supported hydrotalcites, a mixture of HNO3 and HF was used for the 
dissolution. Iron doped ceria-zirconia was digested using HF followed by sonication 
for 30 min. The HF was neutralized by using boric acid followed by filtration. The 
sample was made up to volume to obtain the stock solution. A calibration curve was 
first obtained using standard solutions. The sample was then analyzed and its 
concentration was deduced from the calibration graph.  
 
2.1.5 X-Ray photoelectron spectroscopy 
The photoelectric effect was first discovered by Albert Einstein in 1905 and is 
the principle behind X-ray photo electron spectroscopy. The development of XPS as 
an analytical method was due to Swedish physicist Kai Siegbahn (1950). In XPS, the 
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sample is irradiated with low energy X-rays. Upon absorption of a photon of energy 
hν, a core electron with a binding energy Eb is ejected with kinectic energy Ek [3]. 
Ek = hν – Eb – φ 
where φ is the work function of the spectrometer. Aluminium (hν = 1486.6 eV) or 
magnesium (hν = 1253.6 eV) anode are typically used as the X-ray source. The XPS 
technique is highly surface specific due to the short mean free path of the 
photoelectrons. The principle advantages of XPS are that it identifies the elemental 
composition of the sample surface and it gives some indication of the chemical state 
of these elements. The binding energy of the peaks is characteristic of each element.  
 
In this measurement, VG ESCA MkII spectrometer was used with Al Kα X-
ray source (1486.71 eV, 400 W) and a pass energy of 20 eV. The peak fitting was 
done using XPSPEAK software. For calculating the Ce/Zr ratio, the sensitivity factors 
of the respective elements where taken into account. For Ce, the peak area was 












Table 2-1 Parameters for XPS measurement 
Element Scanning range 
(eV) 
Step (eV) No of scans Dwell time 
(s) 
C1s 284.00~299.00 0.05 4 0.1 
O1s 530.00~546.00 0.05 7 0.1 
Ce3d 880.00~925.00 0.05 10 0.1 
Zr3d 183.00~199.00 0.05 8 0.1 
Si2p 103.00~118.00 0.05 5 0.1 
Fe2p 710.00~745.00 0.05 4 0.1 
 
 
2.1.6 Electron microscopy  
Electron microscopy is used to determine the size and shape of the supported 
particles. It can also reveal information about the composition of the particles by 
detecting the characteristic x-rays that are produced by the interaction of the electrons 
with matter, or by analyzing how the electrons are diffracted [4]. In TEM, a primary 
electron beam of high energy and high intensity passes through a condensor to 
produce parallel rays which impinge on the sample. As the attenuation of the beam 
depends on the density and the thickness, the transmitted electrons form a two-
dimensional projection of the sample mass, which is subsequently magnified by the 
electron optics to produce a bright field image.  
 
Specimen preparation is a critical step in electron microscopy because the 
quality of the image and the significance of the analyses are highly dependent on how 
the different solid phases are dispersed on the microscope grid and how thin they are. 
 37 
The thickness should be less than 50 to 100 nm to allow transmittance through the 
sample. The thinner the specimen, the better will be the resolution and contrast of the 
image. The sample grid is usually a 100 to 400 mesh copper sieve. Plastic or carbon 
films are used; the latter being better suited because their thermal and electrical 
conductivities limit heating and charging effects under the electron beam. To prepare 
the sample, a few milligrams of the powdered sample are ultrasonically dispersed in a 
few milliliters of the alcohol for 45 min. A drop of the suspension is then deposited on 
the specimen grid, and the solvent is evaporated off under ambient conditions. In this 
study, TEM measurements were performed with a JEOL JEM3010 HR TEM 
(magnification 1.2 million) at 300 kV. The average size and the size distribution of 
the particles can be determined from TEM images. Particle diameters are measured 
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Epoxidation of olefins by supported cesium and lanthanum oxides using aqueous 
hydrogen peroxide as oxidant 
 
3.1. Introduction 
Epoxides are valuable and reactive intermediates, owing to the large range of 
reactions they undergo in organic and pharmaceutical industry. The reaction products 
find applications as plasticizers, detergents, surfactants, surface-coating agents, bio-
active substances [1, 2]. Olefin epoxidation is one of the main routes, which leads to 
the production of epoxides, both on laboratory and industrial scale [3]. The use of 
molecular oxygen, peroxide and peracids for direct oxidation of alkenes is the main 
method for industrial applications [4]. However, the employment of peracids is not a 
clean method as equivalent amounts of acid waste are produced; furthermore the 
safety issues associated with handling peracids is a matter for concern. Molecular 
oxygen is obviously an ideal oxidant [5], but the problem is aerobic oxidation is 
difficult to control and sometimes the reaction is performed with a low conversion to 
avoid over-oxidation. In most reactions, the atom efficiency is 50% as only one 
oxygen atom has been used [6]. Thus there is a need to develop clean, safe and 
selective oxidants for the production of epoxides.  
 
Hydrogen peroxide, H2O2, is a very attractive option both on environmental 
and economic grounds. Although H2O2 is a weak acid (pKa=11.6) and a mild oxidant, 
the major use of H2O2 as an oxidant arises from its ability to insert an oxygen atom in 
an organic molecule in the presence of catalyst, producing water as co-product. One 




Hence, H2O2 can be regarded as an ideal, waste-avoiding oxidant. In 1959, Payne and 
Williams proposed for the first time the epoxidation of α,β-unsaturated acids using 
sodium tungstate as a precatalyst with H2O2 [7].  
 
Enormous amount of work have been dedicated to the development of 
homogeneous catalysts for the epoxidation of olefins using hydrogen peroxide. 
Heteropolyoxometalates [8, 9], metalloporphyrins [10] and metal salen complexes 
[11, 12] have been widely used as the epoxidation catalysts. Many different transition 
metal complexes are available that can utilize a variety of oxygen sources for the 
oxidation of olefins. Catalytic systems based on metals such as tungsten [13], 
manganese [14], rhenium [15] and molybdenum [16]
 
have been reported for the 
epoxidation of a wide range of alkenes using hydrogen peroxide. Noyori and 
coworkers [13, 17] developed a catalytic system containing sodium tungstate 
dihydrate, aminomethylphosphonic acid with 30% hydrogen peroxide which was 
found to be efficient for the epoxidation of terminal and cyclic olefins. Furthermore, 
immobilization of active homogeneous catalysts on solid supports has attracted a lot 
of interest as heterogeneous catalysts are easily separated from the product mixture 
and can possibly be recycled. However, the use of heterogenised homogeneous 
catalysts has had limited success due to poor product yields and catalyst stability, 
which leads to leaching during reaction and thus limits the potential for recyclability. 
 
The discovery by Taramasso et al [18] in 1983, of a titanosilicate zeolite with 
MFI structure active in oxidation reactions led to the study of selective oxidation of 
olefins using dilute hydrogen peroxide as oxidizing agent. Early studies carried out by 
Clerici and co workers showed that TS-1 is an efficient catalyst in the reaction with 
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various olefins, and when used for propylene epoxidation 95% of the H2O2 is 
consumed with 90% selectivity to propylene oxide [19, 20]. As far as epoxidation of 
large alkenes are concerned, TS-1 is not an adequate catalyst, due to the relatively 
small pore dimensions of 5.6 X 5.3 Ǻ which makes it accessible to only small 
reactants. For larger alkenes, the molecular size of both the olefinic reagents and their 
epoxide derivatives are not compatible to diffuse in and out of the channels of the 
zeolite, where the catalytic sites are located. From the pioneering work of Camblor et 
al [21] to incorporate titanium in the framework of zeolite Al-beta, titanosilicates with 
larger pores developed thereafter by hydrothermal synthesis or postsynthesis methods, 
such as TS-2 [22], Ti-ZSM-48 [23], Ti-β [24], have partially solved the problems of 
steric constrains encountered in the oxidation of bulky substrates. Unfortunately, they 
are not found to be as chemoselective as TS-1 for oxidation reactions using aqueous 
H2O2 as the oxidant. They are more suitable when alkyl hydroperoxides are used as 
the oxidant, thereby lacking the advantages of inherent process simplicity and 
environmental advantages that ensue when aqueous H2O2 is used. Wu et al [25] 
reported a novel titanosilicate with the MWW structure, which was found to 
efficiently catalyze the epoxidation of linear and cyclic olefins with hydrogen 
peroxide. 
 
Rebek and McCready [26] showed that Al2O3 was active in epoxidation, but it 
was necessary to employ a system with a large excess of alumina and oxidant (mole 
ratio: alkene/H2O2/Al2O3 ≈ 1/10/50). Later, Mandelli et al [27, 28] developed a 
system with alumina, where the epoxidation of a range of 1-alkylcyclohexenes was 
performed using H2O2, dried in situ by refluxing with Dean-Stark water separation. 
However, the system was not very reactive for the epoxidation of cycloalkenes. 
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Recently, manganese oxide octahedral molecular sieves with a cryptomelane structure 
(OMS-2) were used to catalyze the oxidation of cyclic olefins and benzylic double 
bonds with tertiary-butyl hydroperoxide (TBHP) as the oxidant [29].  
 
Basic catalysts such as KF-Al2O3 and KOH-Al2O3 have been used for the 
epoxidation of α-β unsaturated ketones over TBHP [30]. The solvent exhibits a strong 
influence since no activity was noticed in the oxidation of isophorone with TBHP on 
KF-Al2O3 when using acetonitrile as solvent whereas the reaction occurred with high 
yields in toluene [31]. Hydrotalcites have been reported as efficient heterogeneous 
catalysts for the epoxidation of various olefins using hydrogen peroxide as an oxidant 
and isobutyramide as a co-catalyst [32]. However, the activation conditions were 
found to be critical for the activity of hydrotalcites. Rehydrated hydrotalcites was 
more active than the freshly prepared or calcined hydrotalcites. Here, we study the use 
of supported cesium and lanthanum oxides on SBA-15 for the epoxidation of various 
olefins and the effect of surfactants and other reaction conditions. Ordered 
mesoporous SBA-15 silica materials have attracted much attention in recent years 
because of their porous structure with high surface areas, large pore volumes, and the 
high thermal stabilities. In comparison to the MCM-41, SBA-15 has relatively large 
pore diameter, thick wall and high hydrothermal stability [33]. The main difference 
between these materials is the size of pore diameter: SBA-15 has pores up to 300Å and 
MCM-41 up to 100 Å.  SBA-15 with thicker pore walls and two-dimensional hexagonal 
structure, are prepared using amphiphilic triblock-copolymer of poly(ethylene oxide) and 






3.2.1 Preparation of supported cesium /lanthanum oxide catalysts 
The supported cesium and lanthanum oxide materials were prepared using wet 
impregnation method. Siliceous SBA-15 was used as the support. Pure silica SBA-15 
was synthesized according to the procedure described in literature [34]. Typically, 2 g 
of amphiphilic triblock copolymer, poly (ethylene glycol)-block-poly (propylene 
glycol)-block-poly (ethylene glycol) (Pluronic P123, Aldrich, average molecular 
weight 5800) was added to 75 cm
3
 of 1.6 M HCl solution. The mixture was stirred at 
40 °C for 3 h until all P123 had dissolved. Next, 4.25 g of TEOS was added and the 
mixture was stirred for another 24 h at room temperature. The final composition of 
the mixture was 1.0 TEOS: 5.71 HCl: 158 H2O. The mixture was aged at 80 °C 
overnight without stirring. The solid product was recovered, washed, and air-dried at 
room temperature. Calcination was carried out by slowly increasing temperature from 
room temperature to 500 °C at 1°C/min and heating at 500 °C for 6 h. 
 
Supported SBA-15 samples containing only one of the metals, cesium or 
lanthanum, were prepared by stirring 1.0 g of SBA-15 in 10 ml of methanol 
containing the appropriate amount of cesium acetate or lanthanum nitrate hexahydrate 
for 3 h at 60 °C [35]. The solvent was removed under vacuum in a rotary evaporator 
and the material was subsequently calcined at 500 °C for 5 h in air. Various loadings 
of 5 -15 wt. % cesium and lanthanum on SBA-15 were prepared. These materials are 
denoted as x-Cs-SBA-15 and x-La-SBA-15, where x is wt % of metal. Bimetallic 
catalysts were similarly prepared using equimolar amounts of CsOAc and 
La(NO)3.6H20 for 3 h at 60 °C, followed by drying the solvent quickly using a rotary 
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evaporator and subsequent calcination at 500 °C for 5 h in air. These samples were 
denoted as x-CsLa-SBA-15, were x denotes the total weight % of the metal loading in 
the sample. Supported SBA-15 samples loaded with aluminium oxide were prepared 
using either aluminium-isopropoxide or AlCl3 as precursors. 4.5 wt.% of Al was 
loaded on SBA-15 samples by refluxing a suspension of Al-isopropoxide and SBA-15 
in dry hexane at 70 °C for 12 h followed by filtration, washing and drying under 
vacuum for 6 h. 10 wt% of cesium was loaded on the Al-SBA-15 using the method 
described above and the samples were denoted as 10-Cs-Al-iso-SBA-15, 10-Cs-
AlCl3-SBA-15 based on the source of aluminium used. 
 
3.2.2 Epoxidation of olefins 
Cyclohexene (99%, Fluka), methanol, acetonitrile (AR grade, Fischer) and 
H2O2 (30% in H2O) were used as received. The catalytic reaction was carried out in a 
two-necked glass reactor fitted with a reflux condenser. In a typical reaction, 3.9 
mmol of the substrate, 23.1 mmol of H2O2 (excluding water), 0.05g of catalyst, 10.5 
mmol of acetonitrile, 5 ml methanol and 0.02 mmol of surfactant was used. The 
reaction was conducted at 333 K under N2 atmosphere. Aliquots were removed at 
different reaction times and the products were analyzed by gas chromatography (HP-
5, FID detector). The identity of the products was verified by comparing the retention 
times and GCMS spectra with authentic samples. The reusability of the catalyst was 
tested by separating the used catalyst from the reaction mixture by filtration. After 





3.3 Catalyst Characterization 
3.3.1 X-Ray diffraction 
Powder X-Ray diffraction was carried out to examine the crystalline phase of 
the SBA-15 support and the impregnated SBA-15 materials. For the SBA-15 support, 
only the (100) reflex and a much smaller (110) peak at ~1.8 were observed in the 
powder X-ray diffractogram (Figure 3-1(a)). The presence of these peaks indicates a 
high degree of order in the arrangement of pore network. The XRD patterns of 
catalysts with 10 wt% Cs, 10 wt% La and a mixture of 20 wt% Cs-La (1:1) are shown 
in Figure 3-1(b-d). The XRD of the impregnated samples were nearly identical to that 
of the support, verifying the retention of the pore structure even after impregnation. 
No additional peaks were observed after impregnation with Cs and/or La oxide, 
showing that these oxides were very well dispersed on the support.   
 
 
3.3.2 Nitrogen adsorption-desorption isotherms  
The nitrogen adsorption-desorption isotherms of the original SBA-15 and the 
corresponding impregnated materials are illustrated in Figure 3-2. The isotherms are 
of the IUPAC type IV. The hysteresis loops are shifted to higher P/Po for the 









 after impregnation with 5-15 wt% cesium. 
On the other hand, impregnation of 5-15 wt% lanthanum, resulted in a higher surface 




. The mean pore diameter of SBA-15 sample was 79 Å, while 
that of the impregnated samples range from 50 Å to 69 Å (Figure 3-3). The shift to 
smaller pore sizes after impregnation suggests that the pores are lined with the oxides, 




/g in the support to 0.46 cm
3
/g in 15 wt%Cs-SBA-15. The decrease in the 
surface area and pore volume of the supported samples can be attributed to the 
presence of Cs or La oxides.  
Alumina was impregnated as an overlayer on the SBA-15 in order to improve 
its textural stability. To study the influence of alumina on the textural properties and 
thermal stability of the materials, a step by step impregnation method was followed to 
impregnate aluminium oxide followed by cesium oxide. Figure 3-4 shows the 
nitrogen adsorption-desorption isotherms of the samples loaded with 4.5 wt. % of 
aluminium, followed by impregnation with cesium. The surface area decreased from 
815 m
2
/g for the pure SBA-15 to 442 m
2
/g after grafting with Al-isopropoxide and 
further decreased to 290 m
2
/g after impregnation with cesium. This is higher than the 
10-Cs-SBA-15 sample which had a surface area of 255 m
2
/g. When AlCl3 was used as 
a source for the aluminium, the surface area of the cesium loaded sample reached 360 
m
2
/g. The results show that the presence of alumina helped in better spreading of 
cesium, i.e, it prevents the agglomerization of cesium oxide. 
 
 
3.3.3 CO2-Temperature programmed desorption 
The basic strength and the accessibility of basic sites of the catalysts were 
measured by CO2 temperature programmed desorption (TPD). The results of TPD of 
adsorbed CO2 are presented in Table 3-1. The CO2 desorption over the supported La 
oxides occurred at low temperatures, with the peak maximum at ~230C (Figure 3-5). 
The SBA-15-supported Cs samples adsorbed more CO2 than the supported La ones. 
For the cesium loaded samples, the amount of CO2 increased to a maximum for 10 
wt% Cs and decreased with higher loading, this may be due to clustering of Cs oxide. 
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Impregnating both La and Cs onto SBA-15 enhanced the adsorption of CO2 for 
loadings  10 wt. %. For CsLa-SBA-15 samples, the amount of CO2 desorbed 
increased from 22.2 μmol/g for 5-CsLa-SBA-15 to 73.9 μmol/g for 15-CsLa-SBA-15 
sample. Compared with aluminium-free samples, all the aluminium loaded samples 
adsorbed less CO2, showing a lower density of basic sites (Table 3-1).  
 
3.4 Catalytic testing 
The possible products formed in the epoxidation of cyclohexene with 
hydrogen peroxide are shown in Scheme 3-1. It was necessary to add acetonitrile to 
the reaction mixture as no conversion was observed in its absence. Acetamide was 
observed as a reaction product. The main product is cyclohexene oxide, which may be 
secondarily hydrolyzed to cyclohexane 1, 2-diol through the ring opening reaction 
because aqueous H2O2 solution is used as an oxidant. Cyclohexene can also undergo 
solvolysis to form by-products such as 1-methoxy 2-methylcyclohexane especially 
when alcohols such as methanol are used as a solvent. Also allylic oxidation takes 

















Scheme 3-1. Possible reaction products in the cyclohexene epoxidation 
 
 
3.4.1 Effect of surfactants 
The olefin and nitrile are in the organic phase while the hydrogen peroxide is 
in the aqueous phase. As the use of aqueous H2O2 for the epoxidation of olefins 
results in a bi-phasic system, the addition of surfactants helps to accelerate the rate of 
the epoxidation reaction. Surfactant acts to (i) increase the contact area of the 
interface between the aqueous and organic phases and (ii) enhances the transfer of a 
lipophilic olefin from the organic phase to the interface between the above two 
phases. A number of surfactants were examined for the epoxidation of cyclohexene 
by H2O2 using 10-Cs-SBA-15 (0.05 g) catalyst at 60 °C in methanol (5 ml) as solvent 
(Table 3-2). 
 
The addition of surfactants increased the initial rate of reaction but decreased 
the selectivity. When there was no surfactant added to the system, cyclohexene 
conversion was 79%, but with the addition of dodecyltrimethylammonium bromide 
(0.03 mmol) the conversion increased to 100% in 5 h (Figure 3-6). In contrast, a bulky 
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surfactant like methyltrioctylammonium hydrogen sulfate decreased the rate of 
reaction but the selectivity to the epoxide was 100%. To confirm the influence of the 
surfactant on the rate of the reaction, another substrate 2-cyclohexene-1-one was 
studied (Figure 3-7). The addition of dodecyltrimethylammonium bromide also 
enabled the oxidation of 2-cyclohexene-1-one to reach 85% conversion after 6 h. 
However, the addition of the same amount of methyltrioctylammonium hydrogen 
sulfate resulted in only 9% conversion after 6 h. The lower activity of 
methyltrioctylammonium hydrogen sulfate may be due to the bulky structure which 
prevents micelle formation at this concentration. In the absence of any surfactant, the 
conversion was 55% in 6 h. However, with all the surfactants studied, the selectivity 
to the epoxide remained at 98-99 %. Thus, the best surfactant for the reaction was the 
anionic surfactant, dodecyltrimethylammonium bromide. 
 
 
3.4.2 Influence of H2O2/Olefin ratio 
The effect of H2O2/Olefin ratio was investigated using 10-Cs-SBA-15 (0.05 g) 
as catalyst, dodecyltrimethylammonium bromide (0.03 mmol) as surfactant and using 
methanol (5 ml) as solvent at 60 °C (Figure 3-8). The H2O2/Olefin ratio was varied 
from 1 to 5.9 and it was observed that this ratio have dramatic effect in the catalytic 
reaction. With the H2O2/olefin ratio of 1, the conversion of cyclohexene was 50% 
with 96% selectivity to cyclohexene oxide after 7 h. But when the H2O2/Olefin ratio 
was increased from 1 to 5.9, the conversion increased from 50% to 97%. However, 




3.4.3 Effect of solvents 
Various solvents were tested for the epoxidation of cyclohexene using 10-Cs-
SBA-15 (0.05 g) as catalyst in the presence of dodecyltrimethylammonium bromide 
(0.03 mmol) as surfactant (Table 3-3). The choice of solvent has a crucial effect on 
the activity and epoxide selectivity. The use of protic polar solvents such as methanol, 
ethanol and 1-propanol resulted in high activities, with the best solvent being 
methanol. A conversion of 97% after 7 h with selectivity to cyclohexene-oxide up to 
90% was achieved while using methanol as a solvent. Indeed, the cyclohexene 
conversion slightly decreased in the order MeOH> EtOH> 1-PrOH. Besides the 
influence on the catalytic activity, the protic alcohols caused the opening of the 
oxirane ring hence reducing the selectivity for epoxide. The polar but aprotic solvent 
1, 4 dioxane, gave the lowest conversion 17%, with a selectivity to cyclohexene-oxide 
of 79%. No reaction occurred when toluene was used as the solvent. 
 
 
3.4.4 Epoxidation using various supported catalysts 
Cesium, lanthanum and mixed cesium and lanthanum oxides impregnated on 
SBA-15 were studied for the epoxidation of cyclohexene. Unmodified SBA-15 was 
not active for the epoxidation of olefin. However, the supported cesium and 
lanthanum catalysts showed high activity (Table 3-4). For the cesium-loaded 
catalysts, the activity increased with the catalyst loading from 5 to 10 wt% Cs and 
decreased at a higher loading of 15 wt% (Figure 3-9). For 5-Cs-SBA-15, a conversion 
of 86.5% was achieved after 9 h and with increased cesium loading of 10 wt. %, the 
conversion increased to 97.6 % after 5 h. However, 15-Cs-SBA-15 was less active, 
with a conversion of 82.1% after 9 h of reaction. The results correlate with the trend 
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in basicity of the sample. Using CO2 TPD, the 10 wt% cesium sample had the highest 
number of basic sites. The selectivity to cyclohexane oxide increased from 83.6% in 
5-Cs-SBA-15 to 90% for the 10 and 15 wt% cesium samples.  
In contrast, the activity of La-loaded sample increased with the loading 
showing no maximum. 5-La-SBA-15 had a conversion of 85.7% after 9 h and only 
72.1% selectivity to cyclohexene oxide. Increasing the La-loading to 15 wt. % the 
conversion increased to 94% with 83% selectivity to the epoxide (Figure 3-10). The 
activity of the CsLa-SBA-15 samples was in between that of the two metals, and with 
10-CsLa-SBA-15, 92.2% conversion was achieved after 9 h with 87.3% selectivity to 
cyclohexane oxide. Supported Cs-catalysts were most selective to epoxide formation, 
with only 2-cyclohexen-1-ol being formed as the by-product. In contrast, the 
selectivity to epoxide was lower for supported lanthanum oxide. The selectivity of the 
mixed Cs and La oxides were in between that of the two metals (Table 3-4).   
 
 
3.4.5 Effect of Al2O3 
Alumina was impregnated as an overlayer on the SBA-15 in order to improve 
its textural properties. The overlayer of alumina may also affect the catalytic activity. 
Alumina-loaded samples were prepared using Al-isopropoxide and AlCl3 as 
precursors and subsequently impregnated with the cesium precursor. Al-MSU-9 
(Si/Al=9) was also prepared as a support for Cs. In this case, the aluminium is 
incorporated into the silica framework, rather than as an overlayer with the chemical 
nature of alumina. The activity of the aluminium loaded samples was lower than the 
supported cesium oxides loaded on pure SBA-15 (Table 3-4). Due to the more acidic 
nature, 10-Cs-Al-MSU-9 had a low selectivity to epoxide, 65.6%. The major side 
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product was 2-cyclohexene-1-one with 20.6% selectivity. In comparison, grafted Al 
samples 10-Cs-AlCl3-SBA-15 and 10-Cs-Al-iso-SBA-15 were less affected in their 
selectivity to the epoxide, giving 80% and 89.5%, respectively.  
 
 
3.4.6 Epoxidation of various olefins using 10-Cs-SBA-15 catalyst 
The results of epoxidation of various cyclic and open-chain alkenes over 10-
Cs-SBA-15 system are presented in Table 3-5. Cyclohexene was the easiest to oxidize 
giving 97% conversion and 84.9% selectivity to epoxide after 5 h. The presence of an 
electron withdrawing group on the aromatic ring decreased the activity. With 2-
cyclohexen-1-one (entry 2), the conversion after 5 h was 83% with 95% selectivity to 
the epoxide. The epoxidation of 2-cyclopenten-1-one gave only 56.4% conversion 
after 5 h. The low reactivity of the five membered ring compared to that of the six-
membered ring is in agreement with the earlier findings [36]. The decreased rate was 
attributed to the resonance interactions between the C=C double bond and the electron 
withdrawing carbonyl groups. The epoxidation of limonene occurred at the ring rather 
than at the isopropenyl group. The selectivity to the epoxide was 36% at a conversion 
of 66%.  
 
The open chain olefins were less active than the cyclic olefins, but the reaction 
was highly selective and only the corresponding epoxide was obtained. 1-Octene 
conversion was 16% with 100% selectivity. The low activity may be due to the fact 
that terminal alkenes are less reactive. However, it was found that allyl alcohol was 
oxidized with 100% selectivity to glycidol at 43% conversion. Styrene was oxidized 
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3.4.7 Stability and reusability of the catalyst 
Besides the catalytic activity and selectivity, one of the other important 
properties that cesium catalysts should have is its stability against leaching; a notable 
problem commonly encountered in the liquid phase reactions. The reusability of 10-
Cs-SBA-15 in cyclohexene epoxidation has been investigated (Figure 3-11). The 
experiments were conducted starting with 0.2 g of 10-Cs-SBA-15. The used 10-Cs-
SBA-15 catalyst was regenerated by washing with methanol and by further 
calcination in air at 500 °C for 6 h. The regenerated catalyst was subjected to repeated 
epoxidation of cyclohexene while keeping the catalyst-substrate-solvent composition 
constant. The cyclohexene conversion decreased to 90% during the regeneration and 
to 70% during the third regeneration cycle. However, the selectivity to cyclohexene 
oxide remained unchanged irrespective of the number of cycles. Thus the catalyst can 
be effectively regenerated but there is loss of activity with each cycle. This could be 





The results show that supported cesium catalysts were more active than 
supported La catalysts. Moreover the selectivity over the supported La catalysts for 
the formation of epoxide was lower than the Cs catalysts. This finding can be 
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compared with the earlier reported results of Kloetstra et al [35, 37] for the 
Knoevenagel reactions. The authors found that the supported lanthanum MCM-41 
materials were inactive for the Knoevenagel condensation of benzaldehyde with ethyl 
cyanoacetate. The number of basic sites was also smaller over the supported 
lanthanum catalysts. While using binary metal supported catalyst, the epoxidation 
reaction was less active compared to the supported cesium catalysts (Figure 3-12). 
Despite the less activity for the binary metal supported catalyst, they were found to be 
more stable than the pure cesium oxide supported catalyst. The reason may be due to 
the fact that from 
133
Cs NMR spectroscopic measurements it is deduced that the 
mixed oxide is bound to the carrier via La-O bonds [38]. No interaction of cesium 
with the carrier was found. This was interpreted as the possible reason for the 
improved stability of supported cesium lanthanum oxides.  
 
The epoxidation of olefins by base catalysts requires an activation agent, like 
nitrile or amide [39-41]. The mechanism of this reaction was first described by Payne 
et al [39]. The proposed mechanism for the epoxidation reaction involves three steps 
(Scheme 3-2). The first step is the reaction between hydrogen peroxide and the 
catalyst to form hydroperoxide anion. The peroxycarboximidic acid is formed by 
reaction of the nitrile with the hydroperoxide anion. In the final step, the 
peroxycarboximidic acid transfers oxygen to the olefin. The hydrolysis of the nitrile is 
observed when the olefin is not added to the reaction system [40]. The 
peroxycarboximidic acid is an unstable intermediate and cannot be isolated from the 
reaction. Yamaguchi et al [41] used amide as the activating agent and found that the 

























Scheme 3-2. Proposed mechanism for the epoxidation reaction 
 
For hydrotalcites, it is reported that the rehydrated hydrotalcites are more active for 
the epoxidation reactions than the calcined oxides [42]. However, the rehydrated 
hydrotalcites are less stable when exposed to atmosphere, and requires handling in 
inert atmosphere. In contrast, supported cesium and lanthanum oxides were tested in 
ordinary glass reactors without taking any special precautions like, CO2 –free 




Supported cesium oxides on SBA-15 were found to efficiently catalyze the 
epoxidation of olefins. The surface area of the parent SBA-15 decreased considerably 
after the impregnation with cesium and lanthanum metal oxides. The addition of 
lanthanum was found to be effective in the textural stabilization of the catalyst. The 
number of basic sites of binary Cs and La metal catalyst increased with loading. This 
is in contrast to the cesium loaded catalyst in which there was agglomeration of 
particles at higher loadings. The mono-metallic catalyst prepared using lanthanum 
nitrate was less efficient for the epoxidation of cyclohexene, while the catalyst 
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prepared using cesium acetate was found to be highly active. However, the bimetallic 
catalyst activity was intermediate between cesium and lanthanum mono-metallic 
oxide catalysts.  The surfactants played a vital role in the rate of the reaction, and the 
addition of dodecyltrimethylammmonium bromide was found to increase the rate of 
the reaction. Cyclic olefins were found to be more active than the linear substrates. 
Thus, supported cesium oxide catalysts were found to be highly active and selective 




















































1 SBA-15 876 1.01 79.3 - 
2 5-Cs-SBA-15 
 
275 0.58 58.7 29 
3 5-Cs-La-SBA-15 
 
363 0.61 53.5 22.2 
4 5-La-SBA-15 
 
525 0.74 53.5 6.4 
5 10-Cs-SBA-15 
 
255 0.53 69.6 52.1 
6 10-Cs-La-SBA-15 
 
341 0.58 61.0 34 
7 10-La-SBA-15 
 
598 0.78 55.9 10.3 
8 15-Cs-SBA-15 
 
230 0.46 54.3 21.5 
9 15-Cs-La-SBA-15 
 
262 0.50 62.4 73.9 
10 15-La-SBA-15 
 
431 0.59 49.4 15.1 
11 Al-iso-SBA-15 442 0.62 47.0 - 
12 10-Cs-Al-iso-SBA-15 289 0.52 47.0 10.6 
13 AlCl3-SBA-15 428 0.8 67.0 - 
14 10-Cs-AlCl3-SBA-15 359 0.68 66.0 10.7 
15 10-Cs-MSU-9 456 0.72 69.0 14.2 
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Table 3-2. Effect of surfactants on the epoxidation of cyclohexene 
 
Reaction conditions: 3.9 mmol cyclohexene, H2O2 (23.1 mmol), 10-Cs-SBA-15 0.05 


































24.6 68 88 
3 1-Propanol 
 
20.3 26 65 
4 Toluene 
 
2.4 - - 
5 1,4-Dioxane 
 
2.2 17 79 
a 
 Reaction time 5 h 


















5 97 90 84.9 
2 Sodium Dodecylsulfate 
 
7 91 87.5 80.2 
3 Cetyltrimethylammonium 
Bromide 
7 84.9 89 75.6 
4 Methyltrioctylammonium 
hydrogensulfate 
7 43.3 100 43.3 
5 No surfactant 
 
7 78.7 92.5 72.7 
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Reaction Conditions: 3.9 mmol cyclohexene, H2O2 (23.1 mmol), catalyst (0.05 g), 
acetonitrile (10.5 mmol), methanol (5 ml), Dodecyltrimethylammonium Bromide 




















Product Selectivities (%) 





9 86.5 83.6 - - 16.4 - 
2 5-Cs-La-SBA-15 
 
9 88.5 91.4 - - - 8.6 
3 5-La-SBA-15 
 
9 85.7 72.1 10.5 9.4 8.0 - 
4 10-Cs-SBA-15 
 
5 97.6 90.6 - - 9.4 - 
5 10-Cs-La-SBA-15 
 
5 92.2 87.3 - 6.4 6.2 - 
6 10-La-SBA-15 
 
9 83.6 62.8 9.7 15.6 8.1 3.8 
7 15-Cs-SBA-15 
 
9 82.1 90.2 - - 9.8 - 
8 15-Cs-La-SBA-15 
 
9 84.4 49.7 - 50.3 - - 
9 15-La-SBA-15 
 
9 93.8 83.0 
 
- 6.9 - 10.0 
10 
 
10-Cs-Al-iso-SBA-15 6 69.0 89.5 5.6 4.8 - - 
11 
 
10-Cs-AlCl3-SBA-15 6 77.6 80.1 10.8 8.9 - - 
12 
 
10-Cs-MSU-9 6 66.8 65.6 13.8 20.6 - - 
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Table 3-5. Epoxidation of various substrates using 10-Cs-SBA-15 catalyst 
 
Reaction conditions: Substrate (3.9 mmol), H2O2 (23.1 mmol), 10-Cs-SBA-15 





















































































































































Figure 3-1. X-Ray diffractograms of (a) SBA-15 (b) 10-Cs-SBA-15 (c) 10-La-SBA-
15 (d) 10-CsLa-SBA-15. 
     





































Figure 3-2. N2 adsorption and desorption isotherm of (a) SBA-15 (b) 10-La-SBA-15 























































































































































Figure 3-5. CO2 desorption from (a) 5-La-SBA-15 (b) 10-La-SBA-15 (c) 15-La-SBA-


























Without surfactant With DTMABr
 
Figure 3-6. Effect of surfactant on the epoxidation of cyclohexene by H2O2.     
Reaction conditions: 3.9 mmol cyclohexene, H2O2 (23.1 mmol), 10-Cs-SBA-15 0.05 




























DTMABr No Surfactant SDS MTOHSO4
 
Figure 3-7. Effect of surfactants on the epoxidation of 2-Cyclohexene-1-one.  
Reaction conditions: 3.9 mmol 2-cyclohenene-1-one, H2O2 (23.1 mmol), 10-Cs-SBA-
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Figure 3-12. Influence of different wt. % cesium-lanthanum loading on the 
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Hydrotalcite (HT) is an anionic clay with a structure of packing of layers built 
up in a manner similar to that of brucite (Mg(OH)2) [1]. In Mg(OH)2, the Mg atoms 
are octahedrally coordinated to six oxygen atoms of the OH groups; each OH group is 
in turn shared by three octahedral cations and points to the interlayer space. When 
part of the Mg(II) cations are isomorphously  substituted with Al(III) cations and the 
resulting positive charge is compensated by anions, typically carbonate, in the 
interlayer between the brucite-like sheets, hydrotalcites are formed. The general 






 .mS, where 
M(II) may be Mg, Co, Zn, Ni, Mn, and M(III) may be Al, Cr, Fe, V, Co, A
n-
 is the 








 etc); m is the number of moles of 
the co-intercalated solvent (S) generally water, per formula weight of compound [2]. 
Hydrotalcite-like compounds are structurally similar to hydrotalcite but contain a 
wide variety of interlayer anions and cations of oxidation state +1 to +4 on the 
octahedral sites. Materials of this family have many potential applications, including 
use as catalysts and catalyst supports [3, 4], materials for environmental protection 
and water cleanup, adsorbants [5], hosts for photoactivation and photocatalysis [6], 
anion exchangers [7], sensors and other devices. 
 
The common method of preparation of HTs is coprecipitation [8-11], wherein 
metal nitrates and precipitants are added slowly and simultaneously at a constant pH 
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or increasing pH under stirring, followed by a long ageing time and/or hydrothermal 
treatment in order to improve the crystallinity. Miyata et al [12] used the standard 
preparation conditions for the formation of HTs which led to the rigid spheroidal 
“sand rose” morphology of intergrown platelets. In this method, the precipitation of 
hydroxide particles is initiated from the beginning of the reaction, then nucleation and 
particle growth overlap resulting in a broad distribution of particle size. The rigid 
structure prevents accessibility to both the interlayers and external surface, hence 
producing less reactive LDHs. The urea method has been used to synthesize 
hydrotalcites with crystallite sizes ranging from 2-20 µm
 
[13-16]. Recently, a novel 
preparation method from physically mixed MgO and Al2O3 oxides to synthesize LDH 
has been reported [17, 18]. 
 
Controlled thermal decomposition converts LDHs to mixed oxides with 
homogeneous interdispersion of the elements, high specific surface areas and strong 
basic properties. The mixed oxide exhibits Lewis basicity and can be used as a 
catalyst in various reactions [19, 20]. By utilizing the „memory effect‟ of 
hydrotalcites, rehydration with the exclusion of other anions and CO2 restores the 
original hydrotalcite structure to a large extent and strong Brønsted base sites (OH
-
) 
are incorporated in the interlayer. The actual active sites participating in reactions 
were found to be situated at the edges of the platelets
 
[21, 22]. Microwave irradiation 
and sonication were used to increase the surface area and the number of active sites 
[23]. Recently, Abello et al [24, 25] reported using the liquid phase rehydration 
method to increase the number of edge sites of the HT platelets. However, the 
exposed edge area is limited by the lateral size of HT crystallites.  
 76 
Supported hydrotalcites were prepared as early as 1970s, but detailed 
investigation on the preparation method and the resulting compounds were studied 
recently. Direct formation of layered hydrotalcite-like compounds has been reported 
to be possible on M
II
/Al2O3 interfaces at a broad pH range, where M refers to metals, 
such as Co, Ni, Zn, Mg, etc. While attempting to impregnate Co(II), Ni(II) or Zn(II) 
ammine complexes using aqueous solutions of the complexes onto γ-alumina support 
at near neutral pH or at neutral pH, formation of co-precipitates with Al(III) ions were 
observed [26]. As XRD studies were not able to identify if the broad peaks at low 
metal content were due to hydroxides, basic salts or coprecipitates, EXAFS 
measurement were undertaken. The measurements confirmed that cobalt-aluminium 
and nickel-aluminium coprecipitates were formed for the samples prepared at pH 7.3 
and 8.2 respectively. Detailed investigations aiming at the fundamental understanding 
of the dissolution and reprecipitation of the alumina support for the formation of 
hydrotalcite-like structures have been carried out since 1995 [27]. Clause et al [28] 
proposed a three step phenomenon occurring simultaneously at the oxide/liquid 
interface: (a) dissolution of the M(II) ions (ions can be either electrostatically 
adsorbed or grafted) (b) dissolution of alumina which is the rate limiting step and (c) 
precipitation of cations released from the support with metal ions in the solution. 
However, the actual chemical composition and structural data of these supported HTs 
were not analyzed.  
 
Multiple characterization techniques have been used to analyze the supported 
hydrotalcites [29-32]. Xu et al [33] investigated the synthesis of supported Co-Al-HTs 
on γ-Al2O3 using the alumina dissolution and reprecipitation method. Nanosized 
crystallites of 5-7 nm were formed, which was evident from the lower decomposition 
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temperature (211-217°C) of the supported Co-Al-HTs than the unsupported pure HTs. 
The initial concentrations of the metal and base, aging time, and addition sequence of 
the metal or base solution were the important synthesis parameters which determine 
the final structure and composition of the supported Co-Al-HTs. The distance of inter-
brucite like sheets was in the range of 7.65-7.79 Å. This largely depends on the type 
of anions intercalated. Carbon nanofiber supported hydrotalcites were reported as 
highly active solid base catalysts for the synthesis of MIBK [34]. Hydrotalcite 
loadings of up to 16 wt% were obtained by using impregnation and aging method. 
Supported hydrotalcites were present as platelets with a lateral size of ~ 20 nm, with 
high number of accessible brønsted base sites (0.7-0.9 mmolgHT
-1
) and high specific 
activity in self condensation of acetone. Recently, Naghash et al [35] reported the 
synthesis of Al-Cu-Ni hydrotalcite-like compounds using the urea hydrolysis method. 
Using a urea to metal cation mole ratio of 3-5 and a reaction temperature of 99°C, 
monodispersed HTs were obtained.  
 
For practical catalytic applications, it is desirable to use supported catalysts 
instead of unsupported types to increase metal utilization. Furthermore, if the support- 
type catalysts are used, mechanical strength and thermal stability of the catalysts can 
be enhanced to withstand harsher industrial reaction conditions. Two most common 
types of mesoporous silicas involve MCM-41 and SBA-15 materials. Both solids have 
well-ordered hexagonal porosity, thermal stability and high surface area. The main 
difference between these materials is the size of pore diameter: SBA-15 has pores up 
to 300Å and MCM-41 up to 100 Å. The well- ordered SBA-15 posses thicker pore 
walls, wider pore sizes and higher thermal and hydrothermal stability than MCM-41. 
The aim of this study is to investigate the synthesis conditions for the preparation of 
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SBA-15-supported hydrotalcites with small crystallite size. This would lead to an 
increase in the number of active sites. Four different methods were used to prepare the 
HT on the support, precipitation using NaOH and urea hydrolysis, pore precipitation, 
wet impregnation and in-situ preparation of supported hydrotalcite on MCM-41 and 
the influence of these preparation methods on the textural properties and activity of 
supported hydrotalcites are described. The effect of synthetic parameters such as pH 
and precipitating agent are varied to synthesize small crystallites with stable structure. 
Hydrotalcites and supported hydrotalcite catalysts were investigated for the 




4.2.1 Preparation of support SBA-15 
A ternary surfactant system was used to obtain short vertical channels in SBA-
15. This should facilitate the transport of the reactant and the product molecules [36]. 
Typically, 0.7 g of Pluronic 123 was dissolved in 25 g of water, followed by the 
addition of a surfactant mixture solution containing 0.75 g of 
cetyltrimethylammonium bromide and 1 g of sodium dodecyl sulfate (SDS). Then 5.5 
g of sodium silicate solution, with the pH value adjusted to 5, was added. Solution 
was stirred for 15-20 min at 45-47 ºC. The resulting mixture was aged for 24 h at 90 
°C in a polypropylene flask. The resulting precipitate was filtered and washed with 







4.2.2 Preparation of supported hydrotalcite catalysts 
The supported hydrotalcites was prepared by four different methods in order 
to study the influence of the precipitating agent and the preparation conditions. 
 
(i) Synthesis of SBA-15 supported hydrotalcite by precipitation method 
A series of supported hydrotalcite was prepared by co-precipitation at constant 
pH. Solution A contained Al(NO3)3 and Mg(NO3)3 with the (Al + Mg) concentration 
of 1 mol/L (Mg/Al ratio = 3). The support SBA-15 was added to this solution. 
Solution B was prepared by dissolving Na2CO3 and NaOH (2 mol/L NaOH and 0.5 
mol/L Na2CO3). Solution A was stirred vigorously at 60 ºC, followed by the slow 
addition of solution B. The pH of the mixture was adjusted to the desired pH (pH = 6, 
8, 10, 12) and aged at 60 ºC for 18 h.  The suspension was filtered and the precipitate 
was washed with deionized water, dried overnight at 100 ºC and calcined at 500 ºC 
for 6 h. These samples are denoted as x-SBA-NaOH- pH y, where x denotes the wt% 
of HT and y denotes the pH of precipitation. 
 
(ii) Synthesis of SBA-15 supported hydrotalcite by urea method 




 = 1 mol L
-1
, Mg/Al = 3) 




) = 3.3) were added into a three-necked flask and stirred 
at 25ºC. The flask was placed in an oil bath, previously heated at 90 ºC. Under these 
conditions urea decomposes to CO2 and NH3. The pH of the solution was measured to 
be ~8. It is anticipated that the slow pH rise due to the hydrolysis of urea will result in 
a gradual precipitation of Mg(OH)2 and Al(OH)3 and that these will be of very fine 
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crystals. The reaction was stopped after 24 h. The catalyst precursor was filtered, 
washed with deionized water, dried and calcined as above. These samples were 
labeled as x-SBA-urea, where x denotes the wt% of HT. 
 
(iii) Synthesis of SBA-15 supported MgAl mixed oxide by wet impregnation method 
SBA-15 was added to a solution of Al (NO3)3 and Mg (NO3)3 (Mg/Al ratio = 
3). The suspension was stirred at room temperature for 3-4 h and the water was 
evaporated. The precipitate was dried at 100 °C overnight in an oven before being 
calcined at 500 °C for 6 h. In another method, pore precipitation [34] less 
impregnating solution was used. The support SBA-15 was impregnated with 1 ml of 
aqueous solution containing both Mg(NO3)2 and Al(NO3)3. The impregnated support 
was dried in static air at room temperature, followed by drying at 120 °C for 1 h. 
Next, the material was impregnated with 0.8 ml of aqueous solution containing both 
NaOH and Na2CO3. The sample was aged at 60 °C for 20 h in an autoclave, followed 
by washing, drying and calcination as above. The samples synthesized by pore 
precipitation method were denoted as x-SBA-PP, and the samples synthesized by wet 
impregnation method were denoted as x-SBA-WI, where x denotes the wt% of HT. 
 
(iv) Synthesis of MCM-41 supported hydrotalcite by in-situ preparation 
A typical MCM-41 preparation involves dissolving 3.35 g of CTMABr in 
water and then addition of 2.54 g of TEAOH and 2 g of fumed silica as the silica 
source. The suspension was heated for 2 h at 70 °C and aged at room temperature for 
24 h. The gel was hydrothermally treated at 140 °C for certain time (48 or 24 h). To 
this MCM-41 precursor, a solution containing 1 M Al(NO3)3 and Mg(NO3)3 (Mg/Al 
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ratio = 3) was added followed by the addition of Na2CO3 and the suspension was 
vigorous stirred at  
60 °C. The suspension was aged at 60 ºC for 18 h.  The catalyst precursor was 
filtered, washed, dried and calcined as above. These samples were labeled as 10-
MCM-y h, where y denotes the aging time of the MCM-41 gel before the addition of 
Al and Mg precursor solutions. 
 
4.2.3 Knoevenagel condensation  
Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate or 
malanonitrile 
In a typical experiment, 5.5 mmol of benzaldehyde, 5 mmol of 
ethylcyanoacetate (malanonitrile) and 5 ml of ethanol were placed in a two-necked 
round-bottomed flask fitted with a condenser. The mixture was heated to 60 ºC before 
the addition of 0.1g of the catalyst. Aliquots were removed at different reaction times 
and the products were analyzed by gas chromatography with a flame ionization 
detector and a HP-5 capillary column. 
 
 
4.3 Catalyst Characterization 
4.3.1 X-Ray powder diffraction 
Figure 4-1 shows the x-ray diffraction patterns of supported hydrotalcites 
prepared by precipitation, urea hydrolysis, pore-precipitation and wet-impregnated 
samples. All the samples were loaded with 10 wt% of HT on SBA-15. The sample 
prepared using pore precipitation (100) reflex was very weak indicating that the 
mesoporous structure was largely destroyed. This may be due to concentrated NaOH 
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solution used during the precipitation. The structural ordering was retained by either 
using precipitation method using NaOH as precipitating agent or using urea 
hydrolysis. The small angle XRD patterns of SBA-15-supported hydrotalcites (10 wt. 
% loading) prepared at different pH using NaOH as precipitating agent are shown in 
Figure 4-2. The (100) reflex could be seen in all samples, but has the highest intensity 
for the samples impregnated at pH 6 and pH 8. Hence this pH range is optimum for 
retaining the mesoporous structure of the SBA-15 support.  
 
For comparison, a physical mixture of hydrotalcite and SBA-15 (30-SBA-
phymix) was made by grinding both together. The XRD patterns of the physically 
mixed and pure HT are shown in Figure 4-3. For the pure HT, sharp and symmetric 
peaks for (003), (006), (110), and (113) planes, as well as broad symmetric peaks for 
(009), (015) and (016) planes were observed. These peaks are the characteristic of 
clay minerals having layered structures and represent well crystallized hydrotalcites. 
For the physically mixed samples, the hydrotalcite diffraction lines are well defined 
and sharp. But while preparing the SBA-15-supported hydrotalcite by precipitation 
with the same HT loading had broader peaks indicating the small crystallites of the 
hydrotalcite phase (Figure 4-3b). For a lower loading of 10 wt % HT, no reflexes of 
the hydrotalcite phase could be observed, thus it was not possible to discern the 
crystallite size of the deposited HT.  
 
To reduce the two step process of preparing the support and the co-
precipitation step into a one pot reaction, the in situ preparation of supported 
hydrotalcite on MCM-41 was attempted. MCM-41 was chosen rather than SBA-15 
mainly because of the alkaline formation conditions, which would facilitate the 
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precipitation of hydrotalcites. The strategy is to let the MCM-41 precursor form 
followed by the slow addition of the metal precursor solution and aging to ensure the 
formation of hydrotalcite on the support. Figure 4-4 shows the X-ray diffraction 
patters of the in-situ synthesized supported hydrotalcites on MCM-41. From the XRD 
patterns, typical reflections for ordered hexagonal array of parallel silica tubes, which 
can be indexed as (100), (110) and (200) of MCM-41 can be observed. At higher 
angles, there are no reflexes due to the hydrotalcite phase, showing that any HT 
formed was of very small crystallite size. 
 
 
4.3.2 BET surface area analysis 
The surface area and pore volume of the synthesized materials are tabulated in 
Table 4-1. The surface area of SBA-15 is 540 m
2
/g with a pore volume of 1.44 cm
3
/g. 
Supported hydrotalcites exhibited lower surface area and pore volume compared with 
SBA-15, indicating that the pores of the support are partly filled by HT. The pH of 
preparation did not significantly affect the surface area or porosity as all the 10 wt% 
HT samples were between 348-441 m
2
/g. The pore volumes were between 0.81-0.92 
cm
3
/g. Increasing the loading from 5 wt% to 50 wt% resulted in a decrease in the 
surface area from 396 m
2
/g to 269 m
2
/g. The pore volume was less affected by the 
loading and showed a smaller decrease from 0.91 cm
3
/g for the 5 wt% sample to 0.84 
cm
3
/g for the 50 wt% sample. The result is not surprising as pore filling by the HT 
would cause the decrease in surface area and pore volume.  
 
Supported samples prepared by wet impregnation had lower surface area than 
those prepared by precipitation or urea hydrolysis. For example, the 20 wt % sample 
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prepared by wet impregnation had a surface area of only 134 m
2
/g, while that 
prepared by the precipitation method using NaOH as precipitating agent had a higher 
surface area of 392 m
2
/g. The use of NaOH as the precipitating agent was more 
effective than using urea as the supported HT had a high surface area (Entry 1-12). 
The 10 wt% HT on MCM-41 prepared by the in situ method had similar surface area 
of 700 m
2
/g (Entries 16 and 17) regardless of the time of aging. This is a relatively 
high surface area, as the MCM-41 materials typically have surface area of ~ 1000 
m
2
/g. The N2 adsorption- desorption isotherm of the 48 h aged sample (after 
calcination at 500 °C) (Figure 4-5) exhibited a sharp capillary condensation step at a 
relative pressure of 0.4 with no hysteresis between the adsorption and desorption 
branches. This is typical for MCM-41 materials [37]. In addition, the hysteresis shows 
that larger mesopores are formed. 
 
The Mg/Al mole ratios of the supported hydrotalcite were determined by ICP 
(Table 4-1). The expected Mg/Al ratio for all the samples was 3. The Mg/Al ratio 
increased from 0.59 to 2.82 as the pH of the synthesis increased from 6 to 12. Hence 
at lower pH, less Mg was precipitated than Al. Only at pH 12, did the Mg/Al ratio 
approach the expected value. With increasing loading of hydrotalcite on SBA-15, the 
Mg/Al ratio also increased. For 5-SBA-15 pH 10, the Mg/Al ratio was 1.83 and 
increased to 2.73 for 50-SBA-15 pH 10. For 10-SBA-15 urea, the Mg/Al ratio was 






4.3.3 TPD measurements 
The basicity of the samples was analyzed using CO2 as the probe molecule 
(Table 4-2). For the supported hydrotalcites, at the low loading of 10-20 wt%, the 
CO2 desorption occurred below 225 C. However, with increased loading of 50 wt%, 
sites of higher basicity were present as seen by the broad peak above 240°C (Figure 4-
6). For the unsupported hydrotalcite, broad peak was observed with the peak 
maximum at 261 °C. The peak maximum shifted from 225 °C for 10 wt% loaded 
sample to 261 °C for unsupported hydrotalcite.  
 
 
4.3.4 Transmission electron microscopy 
Representative TEM pictures of 10-HT-SBA-15 prepared at pH 10 and 8 are 
shown in Figure 4-7. The structure of the support SBA-15 was largely retained after 
loading of hydrotalcite. The hexagonal pores of the SBA-15 can still be seen. Rod-
like features were also observed. This is most likely due to the silica of the SBA-15 
which had sloughed off under the alkaline conditions used for preparing the 
hydrotalcite overlayer. The sloughed off layer rolled up forming the rods and such an 
observation has also been made for siliceous SBA-15 and MCM-41 in our group [38].  
 
 
4.4 Catalytic testing 
Knoevenagel condensation is used in organic synthesis for the C-C bond 
formation. By reaction of a series of methylenic compounds with different pKa values, 
the total number of basic sites and the relative strength of different base catalysts can 
be discerned. In this study, supported HT catalysts were tested for their activity in 
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Knoevenagel condensation of benzaldehyde with malononitrile (MN) (pKa = 11) and 
ethyl cyanoacetate (ECA) (pKa = 9) (Scheme 4-1). The condensation of benzaldehyde 
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4.4.1 Catalysts prepared by different methods 
Various catalysts synthesized by different methods were tested for the 
knoevenagel condensation reaction between ethylacetocyanate and benzaldehyde 
using ethanol (5 ml) at 60 °C and 0.1 g of the catalyst. While using 10-SBA-urea, the 
activity was lower and only 16 % conversion was obtained after 6 h. However, for 10-
SBA-NaOH pH10 and 10-SBA-WI, 83.1 % and 83.4 % conversion can be obtained 
after 6 h respectively (Figure 4-8). The lower activity of the catalyst prepared by urea 
hydrolysis method can be attributed to the lower Mg content than expected (Mg/Al of 
0.27 instead of 3). Since urea is a very weak Brønsted base (pKb = 13.8), which is 
highly soluble in water and upon hydrolysis, it decomposes to ammonium carbonate 
[15]. Its rate of decomposition depends on the temperature.  
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The thermal decomposition of urea proceeds via the ammonium cyanate 
(NH4CNO). This rate-determining step is followed by the fast hydrolysis of 
ammonium cyanate to ammonium carbonate [39]. During the synthesis of the 
hydrotalcite, the pH of the solution slowly increases from 0 to 8. In the initial stage, 
the pH increase is steep, which is due to the utilization of the OH
-
 anions for the 
precipitation of aluminium hydroxide species. At this stage Mg
2+
 cannot be 
coprecipitated with Al
3+
. In the second stage, there is a slow increase in the pH 
because the rate of OH
-
 consumption is faster than its production and Mg
2+
 is 










for the corresponding samples prepared by using NaOH as the 
precipitating agent (Table 4-3). The selectivity to the product ethyl α-cyano cinnamate 
was 100 %. 
 
For the Knoevenagel condensation between malononitrile and benzaldehyde, 
the conversion after 200 min was only 67 % for 10-SBA-urea, while full conversion 
was attained over 10-SBA-NaOH-pH 8 (Figure 4-9). The initial rate of reaction over 




. However, the 










4.4.2 Catalysts preparation at different pH 
The rate of the Knoevenagel reaction for ethyl acetocyanate and benzaldehyde 
depends on the pH during preparation of the catalyst. For the catalyst prepared at pH 
6, the activity was lower and only 31% conversion was obtained after 6 h of the 
reaction (Figure 4-10). While increasing the pH to 8 and 10, 65% and 83% conversion 















The same trend was observed for the Knoevenagel condensation between 










(Table 4-4). The rate dependence on preparation pH can be explained by the 
incomplete incorporation of Mg into the hydrotalcite structure at lower pHs. Only at 
pH 12 did the Mg/Al ratio approach that of the expected value (Table 4-1).  
 
 
4.4.3 Influence of loading of HT on the support 
Supported hydrotalcites were prepared with different loadings of HT on SBA-
15 and the activity results for the Knoevenagel reaction between ethyl cyanoacetate 
and benzaldehyde are summarized in Table 4-5. For the samples prepared using urea 









 in 20 wt% loading. Knoevenagel condensation between 
malononitrile and benzaldehyde was carried out using the samples prepared by urea 
hydrolysis method. After 6 h, the conversion increased from 59% to 96% by 
increasing the loading from 10 to 20 wt% of HT (Figure 4-11). The initial rate was 
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Knoevenagel condensation between ethylacetocyanate and benzaldehyde was 
also tested for 5 wt% to 20 wt% loading of HT on SBA-15 prepared by using NaOH 
as the precipitating agent. There was small change in the activity with increasing 




 for 5 




 for 20 wt% loading of HT. However, after 6 h, the 
conversion reached around 85% for all the loadings of HT. For the supported 
hydrotalcites, the initial activity is lower than the pure HT, but after 6-7 h of the 
reaction time, the activity levels off for both the pure HT and the supported HT 









 for 20 wt% loaded samples. Comparing the support SBA-15 and 
MCM-41, the activities of 10-MCM-41 and 10-SBA-NaOH-pH10 were comparable 
(Figure 4-13).  
 
 
4.4.4 Recycling of the catalyst 
After the catalytic run, the catalyst was directly reused after filtration and 
washing with ethanol under nitrogen atmosphere. The catalytic activity was lower 
with only 46% conversion after 7 h (Figure 4-14). This could be due to the adsorption 
of products or the loss of HT from the support. However after recalcination at 500°C 
and the catalytic activity was better than without calcination. Calcination could have 
decreased the dispersion, so that the original high activity was no longer observed. 
Thus, for the second and third catalytic runs, a conversion of 66% and 63% were 
 90 
obtained respectively. Furthermore, to determine if any loss of HT had occurred 
during the catalytic runs, the used catalyst was subjected to ICP analysis. The amount 
of HT loading was found to be the same before and after the catalytic runs (Table 4-
2). Also, to ensure that no HT was leached during the reaction, the catalyst was 
filtered off hot after 1 h of the reaction and the filtrate was continued to react at the 
reaction temperature. No extra product was formed after 7 h of reaction after the 
catalyst was removed. Thus, it could be concluded that there was no loss or leaching 
of HT during the catalytic run.  
 
 
4.5 Discussion  
The as-synthesized layered HT materials were inactive and need to be 
activated by thermal decomposition at 450°C in order to obtain well dispersed 
Mg(Al)O mixed oxides. Li et al [40] have shown that the thermal treatment of HT 
with Mg/Al ratio of 2-4 led to the formation of a mixture of MgO and MgAl2O4 spinel 
oxides, since in spinel the required Mg/Al ratio is 0.5. The active basic sites of the 





acid base pairs. Many factors such as, small crystallite size and higher specific surface 
area, activation temperature, Mg/Al mole ratio, number of edge sites, were reported to 
contribute to the higher activity of hydrotacites. Roelofs et al [21] reported that, the 
active sites are likely to be situated at the edges of the nanoplatelets. Abello et al [24] 
found a linear correlation between the surface area and the initial reaction rate for 
samples rehydrated at different conditions. They proposed that due to higher surface 
areas and thinner platelets, the active sites located at the edges of the platelets were 
easier to access. Roeffaers et al [41] mapped the spatial distribution of catalytic 
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activity over an entire hydrotalcite crystal by means of wide field fluorescence 
microscopy. They demonstrated the existence of basic sites of different strength when 
comparing crystal faces, defects and edges; the latter contained the stronger basic 
sites.  
 
In this study, analysis of the crystallite size using the XRD measurements is 
difficult due to the absence of HT phases at lower loadings. This is in contrast to the 
hydrotalcites (11 wt%) supported on carbon nanofibers as support by pore 
precipitation method [42].  The carbon nanofiber-supported hydrotalcites, showed 
diffraction lines of both the HT phase and carbon support. An intense peak at 2θ of 
13.2 degrees was attributed to hydrotalcite, the diffraction peaks of supported HT on 
carbon fibers were broader than the unsupported HT. The lack of crystallinity in our 
samples may be due to the good dispersion of the HT crystallites. Indeed when the 
supported samples were compared on a per gram hydrotalcite basis, the activity for 
Knoevenagel reaction was very high for the samples prepared at pH 10 and 12 (Figure 
4-12). These hydrotalcite had an Mg/Al ratio of ~ 2.7 unlike hydrotalcites formed at 
lower pH which was deficient in Mg (Mg/Al < 2). Obviously, at lower pH, Mg could 
not be precipitated. In addition, under alkaline condition induced by urea, Mg/Al ratio 




Hydrotalcite supported on SBA-15 are best prepared using NaOH as the 




 ions can be 
achieved. Higher surface area of 700 m
2
/g can be achieved by the in situ preparation 
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of supported hydrotalcite on MCM-41 support. Supported hydrotalcite prepared using 
NaOH as precipitating agent at pH 10 is found to be highly active for the 
Knoevenagel condensation reactions than the unsupported HT. The higher activity 
































































Entry Catalyst Mg/Al Ratio 
(from ICP) 








1 SBA-15 - 540 1.44 
2 10-SBA-NaOH-pH 6 0.59 348 0.92 
3 10-SBA-NaOH-pH 8 1.21 363 0.86 
4 10-SBA-NaOH-pH 10 1.69 353 0.84 
5 10-SBA-NaOH-pH 12 2.82 441 0.81 
6 5-SBA-NaOH-pH 10 1.83 396 0.91 
7 15-SBA-NaOH-pH 10 1.33 296 0.84 
8 20-SBA-NaOH-pH 10 1.86 392 0.97 
9 30-SBA-NaOH-pH 10 2.65 343 1.05 
10 50-SBA-NaOH-pH 10 2.73 269 0.84 
11 10-SBA-urea 0.27 329 0.96 
12 20-SBA-urea - 281 0.58 
13 10-SBA-WI - 258 0.82 
14 20-SBA-WI - 134 0.47 
16 10-MCM-41-48h 2.07 693 1.18 
17 10-MCM-41-24h 2.48 700 1.33 
 94 
Table 4-2. Basicity of various supported hydrotalcite catalysts from CO2 temperature 
























  Catalyst %MgAl Loading  
(from ICP results) 
CO2 desorbed 
(µmol/gHT) 














5 30-SBA-NaOH-pH 10 
 
27.14 12.9 












9 20-SBA-urea 7.09 3.51 
 
10 10-SBA-WI 8.40 1.32 
 
11 10-MCM-48 h 8.66 2.31 
 95 
Table 4-3. Knoevenagel condensation reaction using supported hydrotalcites 
synthesized from different precipitating agents 
a
 after 6 h 
 
 
Table 4-4. Influence of pH of precipitation on the activity of Knoevenagel reaction. 
 
 












10-SBA-urea ECA 0.01 0.2 16.4
a
 
 MN 1.59 8.0 67.7 
10-SBA-NaOH-pH10 ECA 0.65 13.0 83.1
a
 
 MN 4.79 24.9 92.6 
10-SBA-WI ECA 0.35 7.1 86.1
a
 
 MN 5.21 26.5 94.5 
Pure HT ECA 0.83 28.2 88.1
a
 
 MN 8.03 41.8 94.7 












10-SBA-NaOH-pH6 ECA 0.05 1.0 31.36 
 MN 2.04 10.6 76.2 
10-SBA-NaOH-pH8 ECA 0.18 3.5 65.6 
 MN 3.67 19.1 95.6 
10-SBA-NaOH-pH10 ECA 0.65 13.0 83.1 
 MN 4.79 24.9 92.6 
10-SBA-NaOH-pH12 ECA 0.57 11.3 80.3 
 MN 3.37 17.5 92.3 
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10-SBA-urea Urea 0.01 0.26 16.46 
20-SBA-urea  0.04 0.84 30.55 
5-SBA-NaOH-pH10 NaOH 0.60 12.0 84.7 
10-SBA-NaOH-pH10  0.65 13.0 83.1 
15-SBA-NaOH-pH10  0.68 13.5 83.7 
20-SBA-NaOH-pH10  0.75 14.9 86.9 
10-SBA-WI - 0.35 7.1 86.1 






























Figure 4-1. X-Ray diffraction patterns of (a) 10-SBA-PP (b) 10-SBA-urea (c) 10-




























Figure 4-2. X-Ray diffraction patterns of (a) SBA-15 (b) 10-SBA-NaOH-pH6 (c) 10-































Figure 4-3. XRD pattern of (a) 10-SBA-NaOH-pH10 (b) 30-SBA-NaOH-pH10 (c) 









































































































































Figure 4-6. CO2 TPD plots of (a) 10-SBA-NaOH-pH10 (b) 20-SBA-NaOH-pH10 (c) 





















Figure 4-7. TEM micrograph of (a) 10-Na-SBA-pH10 (top micrographs) (b) 10-Na-





























Figure 4-8. Activity for Knoevenagel condensation between benzaldehyde and ethyl 























Figure 4-9. Activity for Knoevenagel condensation between benzadehyde and 























Figure 4-10. Effect of pH on Knoevenagel condensation between benzaldehyde and 





























Figure 4-11. Activity for Knoevenagel condensation between benzaldehyde and 




























Figure 4-12. Activity for Knoevenagel condensation between benzaldehyde and ECA 
()5-SBA-NaOH-pH10 (▲) 10-SBA-NaOH-pH 10 (■) 15-SBA-NaOH-pH 10 () 






















Figure 4-13. Activity for Knoevenagel condensation between benzaldehyde and ECA 
























Figure 4-14. Reuse of 10-SBA-NaOH-pH10 for Knoevenagel condensation between 
benzaldehyde and ethyl acetoacetate (○) Run 1 () Run 2 (without calcination) (□) 
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Synthesis of pseudoionone by KF/alumina 
 
5.1 Introduction 
Commercial citral is a mixture of cis and trans isomers due to the cis-trans 
isomerism at the C=C bond near the aldehyde group. Citral can be used as a starting 
material for the production of pseudoionones by the aldol condensation of citral and 
acetone (Scheme 1). Pseudoionones are valuable acyclic intermediates for the 
synthesis of α-, β- and γ- ionones, by the cyclization over acid catalysts [1, 2]. β-
Ionone is an important precursor in the synthesis of vitamin A, whereas α- and γ- 
ionones are in high demand in the fragrance industry because of their violet and 
woody-fruity scent, respectively [3]. 
 
Numerous commercial methods for the preparation of pseudoionone using 
conventional homogeneous catalysts such as aqueous alkali metal hydroxide 
solutions, alcoholates in alcohol or benzene as solvents, have been reported [4-8]. The 
yield of the cross condensation product obtained in the process is variable and 
depends strongly on the type of catalyst and the reaction conditions such as catalyst 
concentration, molar ratio of reagents and reaction temperature. However, the use of 
homogeneous catalysts leads to large amounts of waste streams and fast corrosion of 
the reactors. Besides the desired reaction, there are various side reactions such as self 
condensation of acetone and citral and the secondary reactions of pseudoionones, 
making it necessary for the purification by laborious and costly washing operations 























ionone 5  
Scheme 5-1. Synthesis of α-ionone and β-ionone and γ-ionone from citral and acetone 
by aldol condensation 
 
 
The substitution of the homogeneous bases by solid catalysts is 
environmentally highly desirable. Heterogeneous catalysts are easy to separate from 
the reaction media by filtering, avoiding the formation of by-products and the 
neutralization step. Moreover it allows the unreacted excess ketone to be recovered in 
a substantial anhydrous state, facilitating recycling. Various acid, acid-base bi-
functional and base catalysts have been extensively studied for this reaction. Climent 
et al [9] studied the citral and acetone aldol condensation over an acidic catalyst, beta 
zeolite with Si/Al ratio 13, and found that the only products obtained were oligomers 
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of the citral. In this case, protonation of the α,β-unsaturated carbonyl system occurs, 
followed by alkylation of a second molecule of citral (Scheme 2). Over amorphous 
aluminophosphate (ALPO), an acid-base bi-functional catalyst, dimerization of citral 















                         
Scheme 5-2. Oligomerization of citral 
 
Solid base catalysts such as alkali exchanged zeolites [10], alkaline earth metal 
oxides, alkali ion modified alumina, aluminophosphate oxynitrides [11], modified 
alumina [12], clays and hydrotalcites have been studied for aldol condensation 
reactions. Noda et al [13] found good results using a CaO catalyst with a yield to 
pseudoionone close to 70%. Climent et al [14] reported the good activity of pure MgO 
in the condensation of citral with acetone in the liquid phase at 60 °C, but the 
selectivity to pseudoionone was only about 68%. Alkaline doped MgO also promotes 
efficiently the selective formation of pseudoionones [15]. Diez et al [16] found that 
doping MgO with 0.5 wt% Li resulted in a catalyst which yield 93% of 
pseudoionones at 80 °C at a catalyst/citral weight ratio of 0.2.  
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Thermally treated hydrotalcite-like materials as well as rehydrated 
hydrotalcite-derived mixed oxides were widely investigated for citral and acetone 
condensation reactions. Noda et al [13] were the first to report Mg, Al-mixed oxide 
(Al/ (Al+Mg)=0.27) derived from hydrotalcite as a catalyst for the reaction under 
autogeneous pressure, at 125 °C with an acetone/citral mole ratio equal to 1 and a 
catalyst content of 10 wt% (with respect to the total weight of the reactants). After 4 h 
of the reaction, a citral conversion of 98% was obtained with selectivity to 
pseudoionone close to 67%. Reconstruction of the oxide in water back to the original 
layered structure (memory effect) boosts the catalytic performance. Roelofs et al [17] 
studied this reaction using a mixed hydroxide obtained from a hydrotalcite with an 
Al/(Al+Mg) of 0.33, calcined under N2 at 450 °C and rehydrated at 30 °C with 
decarbonated water. For an extremely high acetone/citral molar ratio close to 250 and 
1 wt% of catalyst, a citral conversion of 65 % and a pseudoionone selectivity of 90% 
were obtained after 24 h at 273 K. When washed with ethanol the rehydrated mixed 
Mg-Al oxides showed a higher amount of accessible Bronsted basic sites compared to 
the catalysts not treated with alcohol, giving a citral conversion of 92%  but a lower 
pseudoionone selectivity of 79% [18]. Climent et al [19] also reported that high 
pseudoionone yields were obtained on anionic clays prepared under non-conventional 
microwave irradiation or sonication methods and subsequent careful rehydration with 
decarbonated water. Rehydrated hydrotalcites were found to be efficient catalysts 
giving 96% yield of pseudoionone with 99% selectivity. However, the industrial use 
of this material is seriously hindered because they are unstable in air, reacting easily 
with the CO2.  
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Here, we investigate the KF/ alumina as a catalyst for the citral and acetone 
aldol condensation to synthesize pseudoionone. KF/alumina was used by Clark et al 
[20] as an efficient solid catalyst for base-catalyzed organic reaction and the activity 
was found to depend on the pretreatment temperatures [21]. KF/alumina has been 
used in a variety of base-catalyzed reactions including Michael [22], Knoevenagel and 
related addition reactions [23], hydration of amides, alcoholysis of esters and 
epoxides [24] and the Darzens reaction [25]. The key parameters affecting the 
conversion and selectivity of pseudoionone are the reaction conditions such as 
acetone/citral ratio, temperature and the amount of catalyst added to the system. 
Optimizing these parameters is essential to the understanding of the reaction 
mechanism and to promote the selective formation of pseudoionones at high rates.  
 
5.2 Experimental 
5.2.1 Preparation of supported KF catalyst 
KF/alumina (5.5 mmol/g) was purchased from Fluka. X-ray diffraction 
showed that the support used was γ-alumina. Supported KF on γ-alumina was 
prepared by the wet impregnation method [26]. KF was dissolved in water to form a 
solution. To this solution alumina was added and the suspension was stirred at room 
temperature for 2 h. Water was evaporated at 60 °C under reduced pressure using a 
rotary evaporator. Teflon apparatus was used throughout the preparation as KF forms 
a basic solution. The catalyst was dried at 100 °C overnight, and pretreated in vacuum 
at the desired temperature before testing for any catalytic activity. Different amounts 
of KF were loaded on to the alumina support and the materials were denoted as x-KF-
alumina, where x denoted the amount of KF (mmol) per gram of alumina. 
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5.2.1 Aldol condensation reactions 
Commercial citral consists of a mixture of cis and trans isomers (geranial and 
neral in a proportion of 25 and 75 wt%, respectively). It was used without 
purification. Typically, citral (7.6 mmol) and acetone (15.3 mmol) were added to a 
two-necked round-bottomed flask equipped with a condenser system. The resultant 
solution was heated up in an oil bath to 40 °C with vigorous stirring. After reaching 
the desired temperature, the catalyst was added, which marked the start of the 
reaction. Aliquots were taken at regular time intervals and analyzed by gas 
chromatography using a FID detector and HP-5 column. The effective carbon number 
was calculated for the individual reactants and taken into account for calculating 




Pseudoionone synthesis using commercial Fluka KF/alumina 
Commercial Fluka KF/alumina (5.5 mmol KF/g alumina) was tested for the 
aldol condensation of citral and acetone. Figure 5-1 shows the X-ray diffraction 
patterns of Fluka-KF/alumina and γ-alumina. From XRD measurements, the alumina 
support used in the commercial Fluka sample is γ-alumina. This agrees with similar 
findings [26]. The surface area of the sample was measured to be 16.1 m
2
/g with a 
pore volume of 0.06 cm
3
/g (Figure 5-2). The catalytic activity of Fluka KF/alumina 
for the aldol condensation between citral and acetone is depicted in Figure 5-3. The 
main products obtained were cis and trans pseudoionone with cis/trans ratio of ~0.5-
0.6. No β-hydroxyl ketone was detected under these conditions because of the facile 
dehydration of this compound to produce the α,β-unsaturated compound. The 
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selectivity to pseudoionone was 95%. Side products include the self-condensation of 












citral self -condensation product  
Scheme 5-3. Possible by-products due to self-condensation of citral and acetone. 
 
 
5.3.1 Influence of temperature 
The influence of the reaction temperature on the condensation reaction 
between citral and acetone was performed in the presence of Fluka KF/alumina (0.22 
g), using an acetone/citral molar ratio of 2.5 at 25, 30, 40 and 50°C (Figure 5-4).  At 
room temperature, the reaction was slow and after 6 h, a conversion of 78% with a 
selectivity of 96% to pseudoionone was obtained. When the reaction temperature was 
increased to 40 °C, a higher conversion of 90% and selectivity to pseudoionone (96%) 
was obtained after 6 h (Table 5-1). A further increase of temperature to 50 °C leads to 
a higher conversion of 96%. However, the selectivity to pseudoionone slightly 






5.3.2 Influence of acetone/citral mole ratio 
From the above results it is clear that by working at 40 °C reaction 
temperature, it is possible to achieve an excellent conversion and selectivity to 
pseudoionone, hence this reaction temperature was selected to study the influence of 
the molar ratio of the reagents on the conversion and selectivity. One possible side 
reaction is the self-condensation of citral. To suppress this, a high ratio of 
acetone/citral can be applied. The acetone/citral ratio was varied from 1 to 10 (Table 
5-2). As the acetone/citral ratio increased from 1 to 10, the conversion of citral also 
increased from 62% to 99% respectively. At an acetone/citral ratio of 10, 99% 
conversion was achieved in 2 h. A plot of acetone/citral ratio versus the initial rate of 
the reaction shows a linear dependence on the acetone/citral mole ratio (Figure 5-5). 
As the acetone/citral ratio increased from 1 to 10, the initial rate of the reaction 










The acetone/citral ratio also plays an important role in the selectivity to 
pseudoionone. At an acetone/citral ratio of 1, the selectivity to pseudoionone was 90% 
but this increased to 98% when the ratio was 10. Roelofs et al [17] used an extremely 
high acetone/citral mole ratio close to 250 to obtain a pseudoionone selectivity of 
90%. The reaction was conducted using 1 wt. % of hydrotalcite catalyst at 0 °C. After 
24 h, the authors reported a citral conversion of 65%. However, on decreasing the 
acetone/citral ratio to 20, no reaction was observed. They postulated that the 
inhibition of the reaction could be due to strong adsorption of citral on the catalyst 
surface. As adsorption is an exothermic process, the inhibition is decreased when 
working at higher reaction temperatures or under more dilute conditions [9].  
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5.3.3 Influence of catalyst amount 
The influence of catalyst amount was studied by carrying out the aldol 
condensation of citral and acetone at 40 °C and on acetone/citral mole ratio of 2. The 
catalyst weight was varied from 5, 10, 15 and 20 wt% (with respect to total weight of 
the reactants) (Figure 5-6). With 5 wt% of the catalyst, the activity for the aldol 
reaction was slow, reaching 61% conversion in 6 h (Table 5-3). Increasing the amount 
of catalyst to 10 wt% resulted in 92% conversion after 6 h. However, with further 
increase in the amount of catalyst to 15 and 20 wt%, the activity remained at 98% 
conversion after 6 h. Despite the difference in reaction rate, the selectivity to 
pseudoionone remained high, at 91% to 95% in all the reactions. 
 
 
5.4 Pseudoionone synthesis using KF/alumina prepared by wet impregnation 
Various catalysts with different mmol KF on per gram alumina were prepared 
using the wet impregnation method. The as-prepared samples without any calcination, 
when subjected to XRD studies at room temperature showed diffraction peaks 
ascribed to K3AlF6 phase and γ-alumina (Figure 5-7). KF(100) at 28.7 is not obvious 
if the samples have been exposed to air for sometime before taking the XRD. While 
10 KF-γ-alumina was subjected to in-situ XRD in vacuum, the KF (100) peak at 
around 28.7 can be seen to increase in intensity. This could be due to decomposition 
of K3AlF6 to KF and AlF3. The results suggest that the (100) phase of KF is active. 
The samples with low KF loading of 5 - 6.75 mmol/g show no or very small KF(100) 
peak and therefore needs activation at 300- 400 °C for the KF phase to be formed 
from K3AlF6. At 10 mmol/g, KF(100) is already present even at room  temperature, 
therefore no pre-activation at 300- 400 °C is necessary (Figure 5-8).  
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The surface area and pore volume of the as-synthesized catalysts are tabulated 
in Table 5-4. Prior to the measurements, the samples were degassed at 300 °C to 
remove any moisture and CO2 adsorbed on the surface. γ-Alumina has a surface area 
of 111 m
2
/g and this high surface area helped in ensuring a good dispersion of KF 
across the support. After impregnation with KF, both the surface area and pore 
volume decreased. For 10 KF-γ alumina, the surface area was 33.2 m2/g when the 
sample was degassed at 100 °C, and decreased to 26.6 m
2
/g after degassing at 300 °C. 
This suggests that degassing at 300 °C may have caused some sintering in the 
material. Compared with the Fluka KF/alumina, the prepared sample has a higher 
surface area, 33.2 m
2
/g, as compared to 16.1 m
2
/g. Increasing the KF loading from 3 
mmol/g to 15 mmol/g alumina, the surface area decreased from 67.1 m
2
/g to 19.8 
m
2
/g. The pore volume also decreased from 0.21 to 0.05 cm
3
/g, showing that the 
increased KF loading blocked the pores of γ-alumina. 
 
 
5.4.1 Effect of KF loading and pretreatment temperature of catalyst 
The effect of KF loading was tested using acetone/citral ratio of 6 (mmol 
acetone/ mmol citral) and 0.25 g of catalyst at 45 °C. All the catalytic testing was 
carried out without pretreatment of the catalyst. Over 5 mmol KF on γ-alumina, the 
catalytic activity was low with only 42% conversion in 5 h (Figure 5-10). However 
increasing the loading of KF to 6.75 mmol, the conversion increased and reached 57% 
in 5 h. For 8.5 KF-γ alumina and 10 KF-γ alumina, the activity was similar and the 
citral conversion was 99% with a selectivity to pseudoionone of 97%. Thus, 8.5 KF-γ 
alumina was used for the optimizing the parameters. 
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Activation of the catalyst was found to be necessary to remove any adsorbed 
moisture and CO2, so initially the catalysts were tested for the citral and acetone aldol 
condensation after pretreating under vacuum for 2 h. However later, it was found that 
at higher loadings of KF on γ-alumina the pretreatment had no influence in the 
catalytic activity. At lower loading of KF on γ–alumina, pretreatment was necessary 
to the formation of the KF(100) phase which developed with heating. A comparison 
of the catalytic activity after pretreatment in vacuum at 100, 250, 300, 400 °C was 
made over 10 KF-γ alumina (Figure 5-9). Surprisingly, the catalyst used without any 
pretreatment showed similar activity with that pretreated at 400 °C for 2 h under 
vacuum. The results show that all the catalytic activities were similar and 98% 
conversion can be achieved after 5 h irrespective of the pretreatment temperatures. 
Thus, for the remaining part of the catalytic testing, the higher loaded catalyst was 
used directly for the reaction without pretreatment. To minimize contact with the 




5.4.2 Effect of reaction temperature 
The effect of reaction temperature was investigated keeping the acetone/citral 
ratio at 6 and using 0.25 g of 8.5 KF-γ alumina as catalyst. It was reported that the 
self-condensation of acetone is equilibrium-controlled and amount of diacetone 
alcohol is reduced at higher temperatures [27]. Hence, the reaction temperature was 
varied to investigate its effect on the conversion of citral and selectivity towards 
pseudoionone (Figure 5-11). The initial rate of reaction was similar for 25 °C and 35 
°C, and was slightly higher for 45 °C. The conversion was 92% after 5 h for the lower 
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reaction temperatures, as compared to 98% at 45 °C. There was no difference in the 





The activity for aldol condensation is similar over the commercial Fluka KF-
alumina and the home-made 8.5 KF-γ alumina. However, Fluka KF-alumina 
contained only 5.5 mmol KF /g of alumina.  The higher activity of the commercial 
sample may be due to the difference in the preparation method which allows a higher 
dispersion of KF. The selectivity of pseudoionone is affected by the acetone/citral 
ratio as well as the reaction temperature. Climent et al [28] have reported the use of 
KF-alumina (Aldrich, 40 wt% KF on alumina) for the citral condensation with methyl 
ethyl ketone (MEK : citral = 10.6, reaction temperature 84 °C). A citral conversion of 
99% was achieved after 1 h. However, the selectivity to the product, 
methylpseudoionone, was only 50%. By using a lower acetone/citral ratio and 
intermediate reaction temperature of 40- 45 °C, the selectivity to pseudoionone can be 
improved. 
 
Baba et al [29, 30] reported that K3AlF6 is not the catalytically active species 
for self-condensation of benzaldehyde and methathesis of trimethylsilylethylene. 
Kabashima et al [26] claimed that F
-
 ions are the active species in KF/γ alumina from 
19
F MAS NMR studies where the F
-
 containing species was detected at – 150 ppm. 
Previous studies on the relationship between the pretreatment temperature of the 
KF/γ-alumina and its activity for various reactions reported that KF/γ-alumina shows 
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a significant activity only after activation at higher temperatures [26, 30]. The reason 
proposed is that a high temperature treatment reveals active sites on KF/alumina 
either by removal of CO2 and H2O or results in the formation of the active species for 
the reaction. Clacens et al [31] reported that KF supported on α-alumina is active for 
the Michael condensation after drying at 393 K. The results in our study demonstrate 
that for low KF loadings, pretreatment of the catalyst was necessary to the formation 
of the active KF(100) phase. However, at high KF loadings, the KF(100) phase was 
already present, so no pretreatment was necessary. Thus, KF/γ-alumina is active for 
the aldol condensation between citral and acetone to synthesis pseudoionone. This 
result is very interesting for the industrial application of the material, due to saving in 




Commercially available Fluka KF-alumina can be successfully employed for 
the pseudoionone synthesis by aldol condensation of citral and acetone. Acetone/citral 
ratio is found to be critical for the selectivity of pseudoionone. Working between the 
acetone/citral ratios of 2 to 3, it is possible to obtain up to 93% of selectivity to 
pseudoionone. As-synthesized and oven-dried 8.5 KF-γ alumina gave 99% conversion 
of citral with 97% selectivity to pseudoionone. Another important property from a 
practical point of view is the use of as-synthesized catalyst without any pretreatment 
or activation procedure. Thus pseudoionone synthesis can be efficiently carried out 






















25 6 78 96 0.50 
30 6 85 95 0.55 
40 6 90 96 0.66 
50 6 96 93 0.69 
Reaction conditions: citral (7.6 mmol), acetone (19.1 mmol), Fluka-KF/alumina  
(0.22 g). 
 
Table 5-2. Influence of acetone/citral mole ratio on the synthesis of pseudoionone 












1 6 62 90 0.48 
2 6 90 95 0.66 
3 6 91 95 0.69 
4.3 6 98 96 1.10 
7 2 98 97 1.40 
10 2 99 98 1.91 
Reaction conditions: citral 7.6 mmol, acetone 7.6 to 76 mmol,  Fluka-KF/alumina, 





Table 5-3. Influence of catalyst wt. % on the aldol condensation of citral and acetone 
Catalyst amount 
 (wt. %) 




5 2 60 95 
10 2 91 95 
15 2 98 95 
20 2 96 91 



















Table 5-4. Textural properties of as-synthesized samples 








γ-aluminab 111.1 0.213 
3 KF-γ aluminaa 67.1 0.135 
8.5 KF-γ aluminaa 28.8 0.088 
8.5 KF-γ aluminab 27.9 0.077 
10 KF-γ aluminaa 33.2 0.080 
10 KF-γ aluminab 26.6 0.071 
12.5 KF-γ aluminab 26.4 0.070 
15 KF-γ aluminab 19.8 0.053 
a
 degassed at 100 °C under N2 flow for 4 h. 
b



































































































































Figure 5-3. Catalytic activity of Fluka KF/alumina for the citral and acetone aldol 
condensation (□) selectivity to self condensation of citral () citral conversion (■) 
selectivity to pseudoionone. Reaction conditions: citral (7.6 mmol), acetone (19.1 























Figure 5-4. Influence of reaction temperature on the aldol condensation of citral and 
acetone at () room temperature (○) 30°C (■) 40°C () 50°C. Reaction conditions: 





























Figure 5-5. Influence of acetone/citral mole ratio on the initial reaction rate (measured 
after 10 min of reaction) for the synthesis of pseudoionone. Reaction conditions: citral 
























Figure 5-6. Influence of catalyst wt % on the aldol condensation of citral and acetone 
(●) 5 wt% (□) 10 wt% (▲) 15 wt% () 20 wt%. Reaction conditions: citral (7.6 




























































Figure 5-7. XRD patterns of (a) γ-alumina (b) 5 KF-γ alumina (c) 6.75 KF-γ alumina 
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Figure 5-9. Catalytic activity of 10 KF-γ alumina pretreated at different temperatures 
under vacuum for 2 h. Reaction conditions: citral (7.6 mmol), acetone (45.9 mmol), 

























Figure 5-10. Catalytic activity for the aldol condensation between citral and acetone 
(■) 5 KF-γ alumina (▲) 6.75 KF-γ alumina (□) 8.5 KF-γ alumina () 10 KF-γ 
alumina. Reaction conditions: citral (7.6 mmol), acetone (45.9 mmol), Catalyst (0.25 


























Figure 5-11. Influence of reaction temperature on the catalytic activity of 8.5 KF-γ 
alumina () 25 °C (■) 35 °C () 45 °C. Reaction conditions: citral (7.6 mmol), 
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Correlation between basicity and the activity for various base catalysts 
 
6.1 Introduction 
In this thesis, three types of base catalysts were prepared and tested for the 
catalytic activity. Although, all these catalysts exhibit high activity and selectivity for the 
organic reactions tested, the nature and the strength of their basic sites differs. In chapter 
III, supported cesium and lanthanum oxide bifunctional catalysts were successfully 
employed for the epoxidation reaction of olefins. By impregnation of SBA-15 with 
cesium acetate and lanthanum nitrate in methanolic solution and subsequent calcination, 
finely dispersed cesium lanthanum oxide clusters were obtained in the pores of the 
carrier. In chapter IV, supported hydrotalcite catalysts were prepared and tested for their 
basicity using Knoevenagel reaction. In chapter V, supported KF catalysts were tested for 
the activity in the aldol condensation of citral and acetone for the synthesis of 
psuedoionone. This chapter describes the correlation between the basicity and the activity 
of various base catalysts prepared in this work.  
 
6.2 Basicity measurement 
The main tool used to determine the basic strength and the accessibility of basic 
sites of all the catalysts was temperature programmed desorption studies. CO2 was used 
as the probe molecule for the temperature programmed desorption study (TPD). The 
sample was first pretreated at 500 ºC for 2 h in helium (50 ml min
-1
) and subsequently 
cooled to room temperature. Carbon dioxide was introduced for 30 min. Physisorbed 
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carbon dioxide was removed by flushing the sample under a helium flow for 2 h. The 
TPD measurement was then carried out using a temperature ramp of 10 ºC min
-1
 from 
150 ºC to 500 ºC using 50 ml min
-1
 of helium. The desorbed carbon dioxide was 
measured by the quadrupole mass spectrometer. Quantitative analysis was done by 
calibrating the CO2 signal. For calibration, CO2 pulses were injected using a 250 μl 
sample loop and the area of signal peak was measured.  
 
6.3 Results and Discussion 
6.3.1 Supported cesium lanthanum oxides 
To summarize the results obtained from the temperature programmed desorption 
studies on the supported cesium and lanthanum oxides, the SBA-15-supported Cs 
samples adsorbed more CO2 than the supported La ones (Table 6-1). Impregnating both 
La and Cs onto SBA-15 enhanced the adsorption of CO2 for loadings  10 wt. %. A plot 
of the initial rate of the reaction versus the basic site density is given in Figure 6-1. The 




 for density < 20 μmolg-1. Above this, the rate of the 
reaction increased with basic site density, reaching a maximum for 52.1 μmolg-1 
(corresponding to 10-Cs-SBA-15). For even higher loadings, the rate of the reaction 
decreased drastically.  
 
The amount of cesium loading is correlated with the number of Cs atom per 
desorbed CO2 and the BET surface area (Figure 6-2). The number of Cs atoms/ CO2 
desorbed was calculated based on the Cs loading. The number gives an idea of the 
accessibility of the metal sites for CO2 binding. For the SBA-15 supported Cs samples 
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with 5 and 10 wt% Cs, the Cs/CO2 increased slightly from 12 to 13. However for the 15 
wt% sample, the Cs/CO2 ratio increased drastically to 48. Hence less CO2 could be bound 
at this loading, indicating the formation of cesium oxide clusters. It is well documented 
that the decomposition of cesium compounds at higher temperatures can lead to the 
formation of various cesium oxides, depending on the gaseous atmosphere [1]. For the 
CsLa-SBA-15 samples the Cs/CO2 ratio was 14-20, despite an increase in the loading, 
indicating less aggregation of cesium. The surface areas of cesium-lanthanum oxide 
loaded samples were higher than the cesium oxide loaded samples. This shows that the 
addition of lanthanum stabilizes the cesium against aggregation and also enhances the 
surface areas of the supported oxides. Despite the aggregation of cesium at higher 
loadings, the activity was better for the pure Cs-SBA-15 samples and up to 97% 
conversion with 90% selectivity to the cyclohexane oxide was obtained after 5 h for 10-
Cs-SBA-15.  
 
6.3.2 Supported hydrotalcites 
Under heterogeneous conditions, the Knoevenagel reaction has been used as a 
well-adopted test reaction to test the activity of the basic sites of different solids, 
especially basic zeolites such as alkali exchanged zeolites [2, 3] or zeolites containing 
occluded metal oxides [4]. The basic activity of alkali-containing MCM-41 [5] or binary 
cesium-lanthanum oxide supported on MCM-41 [6] has also been evaluated in the 
Knoevenagel condensation reactions. By reaction of a series of methylenic compounds 
with different pKa values, the total number of basic sites and the relative strength of 
different base catalysts can be discerned. In chapter IV, supported HT catalysts were 
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tested for their activity in Knoevenagel condensation of benzaldehyde with malononitrile 
(MN) (pKa = 11) and ethyl cyanoacetate (ECA) (pKa = 9). The mechanism of the 
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Scheme 6-1. Mechanism for Knoevenagel reaction 
 
For supported hydrotalcites, controlled thermal decomposition converts LDHs to 
mixed oxides with homogeneous interdispersion of the elements, high specific surface 
areas and strong basic properties. The mixed oxide exhibits Lewis basicity and can be 
used as a catalyst in various reactions. For the supported hydrotalcites, at the low loading 
of 10-20 wt%, the CO2 desorption occurred below 225 C. However, with increased 
loading of 50 wt%, sites of higher basicity were present. In comparison with supported 
cesiumlanthanum oxide samples, the amount of CO2 desorbed for supported hydrotalcites 
were low (Table 6-1). For 10-Cs-SBA-15, the amount of CO2 desorbed was 52.1 µmol/g, 
but for supported hydrotalcite 50-NaOH-SBA-pH10, the CO2 desorbed was only 32.1 
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µmol/g. Also to compare the temperature range of desorption, in 10-Cs-SBA-15 sample, 
there was a broad peak present from 180 °C to 400 °C. In 50-NaOH-SBA-pH10 sample, 
the desorption peak extended from 180 °C to 340 °C. The activity for Knoevenagel 
reaction increased with the increasing loading of HT on the support. The initial rate of the 









20 wt% loading of HT. 
 
 
6.3.3 Supported KF on alumina 
KF/Al2O3 was used by Clark et al [7] as an efficient solid catalyst for base-
catalyzed organic reactions. In chapter V, the use of supported KF on alumina was 
explored for the synthesis of pseudoionone by the aldol condensation between citral and 
acetone. The mechanism of the reaction is represented in Scheme 6-2. 
 
 









Scheme 6-2. Mechanism of aldol condensation between citral and acetone 
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It is well established that the following reaction occurs during the catalyst 
preparation. 
6KOHAlF2KO3HOAlKF12 63232   
Initially potassium hydroxide, alumina-supported KF or the remaining fluoride ions was 
considered to be the active species [8]. The activity was found to depend on the 
pretreatment temperatures. Furthermore, for the double bond isomerization of 1-pentene 
and the Tishchenko reaction of benzaldehyde, the alumina-supported KOH and K2CO3 
were less active than KF supported on alumina. These results suggest that the active sites 
are associated with F
-
 rather than O
2-
. Hattori et al [9] proposed that the main species 
containing F was K3AlF6, although this was not related to the formation of active species. 
The surface species which is related to the catalytic activity is the F
-
-containing species 
which gives a peak at -150 ppm in the 
19
F MAS NMR.  
The results from our study demonstrate that the KF with (100) facets is important 
for the activity in the citral and aldol condensation reaction. The strong interaction of the 
KF with the support γ–alumina is witnessed by the formation of K3AlF6. The high 
temperature treatment breaks K3AlF6 down to form the active KF with many (100) planes 
exposed. Thus the supported KF on alumina catalyst exhibit high activity and selectivity 







 The basic strength and the nature of the active sites differ for the various base 
catalysts prepared. For supported cesium lanthanum catalyst, the rate of the reaction 
increased with basic site density reaching a maximum for 10-Cs-SBA-15. While using 
supported KF on γ-alumina, the rate of the reaction increased with the increasing KF 
loading on γ-alumina. These results are interesting and provide opportunity for tuning the 
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Figure 6-1. Correlation between number of basic sites and the initial rate of cyclohexene 
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Figure 6-2. Amount of CO2 (open markers) and BET area (closed markers) as a function 
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Effect of hydrothermal treatment on the thermal stability and oxygen storage 
capacity of ceria-zirconia mixed oxides  
7.1. Introduction 
Ceria-zirconia mixed oxides are known to play a key role as redox components 
in the auto-exhaust three-way converters, one of the most successful developments of 
the catalysis technology over the last 30 years. Pure ceria is not suitable because it 
loses surface area and oxygen storage capacity (OSC) at high temperatures [1, 2]. The 
insertion of zirconium ions into ceria was found to be extremely beneficial in terms of 
thermal stability and oxygen storage [3-8].
 
However, the reasons for the enhanced 
oxygen storage capacity are still not clear. It is widely believed that the distortion of 
the metal-oxygen bonds results in a highly mobile lattice oxygen species, so that the 
reduced zone is not confined to the surface layers but extends deep into the bulk [9, 
10]. Although, there is a general agreement that presence of single phase solid 
solutions are preferred than the micro domain or phase segregated non-homogeneous 
CeO2-ZrO2 mixed oxides [11, 12].  
This phase segregation at higher temperatures is often related to the 
compositional inhomogeneities induced during the synthesis of the mixed oxides than 
the calcination [13]. Thus the synthetic methodology must confer ceria-zirconia mixed 
oxides with the following properties 
 High thermal stability of the textural properties. 
 Formation of single-phase product. 
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 Suitable redox properties, reduction at lower temperatures being considered as 
a desirable property. 
 
Different strategies can be used to obtain ceria-zirconia oxides with improved 
high temperature stability. These include coprecipitation from the salts [14, 15], sol-
gels [16], micro-emulsion [17],
 
dry ball milling [18], combustion synthesis [19, 20]. 
The studies showed that the metal precursor used for the preparation of mixed oxides 
has an effect on the phase and OSC of the final material. Rossignol et al. [16] reported 
that ceria-zirconia (xCe > 0.50) prepared from zirconium n-propoxide or zirconyl 
nitrate had higher OSC than that produced from zirconyl chloride. Sol-gel synthesis 
was found to be more efficient than coprecipitation, producing ceria-zirconia oxides 
with higher thermal stability and oxygen storage. The underlying idea is that the 
preparation of the gel or gel-like precursor should lead to a homogeneous dispersion at 
molecular level of the Ce and Zr species, which then upon calcination leads to an 
intimately mixed oxide. Kim et al. [21] claimed that nanosized ceria-zirconia formed 
from zirconyl nitrate, cerium nitrate and aqueous ammonia under supercritical 
conditions exhibited higher thermal stability and was easier to reduce than the oxide 
prepared by coprecipitation. Surface modification of ceria-zirconia by calcination with 
ammonium chloride in air at 1000 ºC led to the formation of ultrafine ceria particles 
on the surface of ceria-zirconia, which improved the thermal durability and OSC of 
the samples [22]. 
 
The preparation by flame spray synthesis is another route [23]. However, 
despite high surface areas of up to 80 m
2
/g after calcination at 900 C, the OSC was 
lower than that of samples prepared by coprecipitation. Supported ceria-zirconia is 
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reported to be highly resistant to sintering under reduction-oxidation treatment [22]. 
Of the different preparation routes such as incipient wetness, sequential impregnation 
of ceria onto alumina followed by zirconia, co-impregnation and cogelation of all 
three precursors, cogelation was reported to be the most effective. Another hypothesis 
assumes that very small particles of a ceria-rich phase on the surface of the bulk oxide 
is responsible for the enhanced low temperature reducibility [24, 25]. The formation 
of an intimate interaction between ceria and zirconia hindered the formation of 
CeAlO3, and consequent loss of OSC, during reduction. The supported mixed oxide 
was highly resistant to sintering under reduction-oxidation treatment and the 
formation of very small particles of ceria-rich phase on the surface of the bulk oxides 
enhanced its low temperature reducibility. Deposition precipitation was used to 
prepare highly dispersed nanocrystalline ceria-zirconia on silica [26]. It was reported 
that sintering of the supported nanosized oxides was minimized. 
 
We have previously prepared high surface area zirconia by digestion of the 
hydrous precursor at 100 C in an alkaline medium [27-29]. It was observed that the 
surface area of the resulting zirconia increased with digestion time. However, it was 
later realized that during digestion, silica from the glassware was inadvertently 
incorporated into the zirconia, where it aided the stabilization of the surface area. 
Nevertheless, subsequent studies using Teflon apparatus showed that the digestion of 
the precursor hydrous oxide, either by open reflux or hydrothermal treatment in a 
closed vessel, was indeed able to enhance the thermal stability and surface area of the 
formed oxide. In the present study, we investigate the influence of hydrothermal 
treatment of cerium and zirconium hydroxides on the thermal stability and the 
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reducibility of the oxides. The method has the advantage of simplicity as it does not 
use expensive reagents or equipment.  
The addition of small amount of dopant has been proposed to improve the 
thermal stability and oxygen storage capacity of cerium-zirconium oxides. 








 into the ceria-zirconia 
solid solution improves the OSC [30-33]. This is due to the resulting oxygen ion 
vacancies in the fluorite lattice for charge compensation, thus allowing facile oxygen 
ion transport within the lattice to the surface.
 
Doping with rare earth metals such as 
lanthanum, praseodymium, neodymium and yttrium was found to effectively stabilize 
the metastable tetragonal t’’-phase, which is a defective structure containing oxygen 
vacancies and interstitials [34]. 
 
Rocchini et al [35] prepared silica-doped ceria by co-precipitation method. A 
Ce9.33(SiO4)6O2 phase was reported which decomposed upon reoxidation to give 
amorphous silica and small crystallites of ceria, in turn enhancing the OSC of the 
sample. Schulz et al [36] prepared silica and alumina-doped Ce0.5Zr0.5O2 in one step 
by flame-spray pyrolysis. For 3 wt. % silica (SiO2) doping in ceria-zirconia, the 
oxygen exchange capacity increased from 0.36 mmol O2 g
-1
 to 0.45 mmol O2 g
-1
. 
However, a higher silica content, 16 wt. %, led to the encapsulation of the crystalline 
core with an amorphous outer surface which reduced the oxygen exchange. Silica-
supported nanocomposite ceria-zirconia oxide CexZr1-xO2/SiO2 (CZ/S) (1:1:2 mole 
ratio based on oxides) were synthesized by deposition-precipitation method [26]. The 
silica-supported sample exhibited more oxygen storage capacity than the unsupported 




Iron was found as a contaminant from aged commercial TWCs, originating 
from the materials used in the engine and exhaust pipe systems [37, 38]. The metal 
contaminant can poison the active sites on the catalyst through deposition or by 
altering the adsorptive properties of the active site (electronic effect) [39]. Tabata et al 
[40] prepared model Fe-contaminated (0.1-1.0 wt %) TWCs (Pt/Rh, 10/1 w/w) and 
tested them for NO reduction. It was found that the iron poisoned Rh and/or other 
active metals but did not decrease the N2-selectivity of the NO reduction. Wang et al 
[41] showed that Fe-promoted Pd/CeO2 catalyst resulted in an eight times higher 
reaction rate for the water-gas shift reaction compared with other promoters (Y, Tb 
and Gb). Lambrous et al [42] deposited Fe on a model TWC (Pd-Rh/CeO2-Al2O3) in 
amounts between 0.1 and 0.3 wt% and observed an increase of the oxygen storage 
capacity (OSC) up to 40% for temperatures between 500 to 850°C as compared with 
the Fe-free catalyst. Only when the Fe content was increased to 0.4 wt% did the OSC 
decrease. Aneggi et al [43] showed that ceria doped with Fe2O3 presented better 
performance than other rare earth elements (La, Pr, Sm, Tb) in soot oxidation. 
However, it suffered a net loss in activity after calcination at 1023 K for 12 h. 
 
In view of the reported promoting effects, we investigated the effects of silicon 
and iron doping on ceria-zirconia, as silicon is known to increase the surface area and 
thermal stability of zirconia. The correlation of surface area and OSC is investigated 
as some authors reported that the OSC is closely related to the surface area [44] while 
others found that surface area has little or no influence on the OSC, and bulk 





7.2.1 Preparation of ceria-zirconia mixed oxides 
Ceria, zirconia and the mixed oxides with cerium:zirconium mole ratio of 3:1, 
1:1 and 1:3 were prepared by the co-precipitation method. Typically, ZrOCl2 and 
ammonium cerium nitrate was dissolved in deionised water, to form a solution of 0.2 
M cation concentration. This solution was added slowly to an excess 5 M ammonia 
solution using a peristaltic pump, with vigorous stirring using an overhead mechanical 
stirrer. After the addition was complete, the pH was adjusted to 9.5 and the solution 
was subjected to reflux at 100 °C for 2 days. Finally the precipitate obtained was 
filtered, washed until pH 7 and dried at 100 °C in an oven for 12 h. The samples were 
calcined at 500 °C for 12 h using a heating rate of 5 °C per minute. The samples are 
labeled as C1Z3-R-2, CZ-R-2 and C3Z1-R-2 where R stands for reflux, and 2 the days 
of reflux. For the hydrothermal treatment, the freshly precipitated cerium-zirconium 
(1:1) hydroxide together with the mother liquor was placed in Teflon-lined autoclaves 
and heated at 100 °C for 1, 2, 4, and 8 days. An aliquot was set aside without any 
hydrothermal treatment. The calcined samples are labeled as CZ-H-t where H stands 
for hydrothermal synthesis and t = 0, 1, 2, 4 and 8 days. 
7.2.2 Preparation of silica and iron oxide doped ceria-zirconia 
A series of catalyst with different wt% (1-10 wt. %) Si loading was prepared. 
Ceria-zirconia hydroxides with the mole ratio 1:1 were precipitated as described 
above using coprecipitation. After the coprecipitation step, tetraethylortho silicate 
(TEOS) (silica source) was added to the mother liquor to achieve the desired loading. 
The sample was hydrothermally treated at 100 °C for 4 days in a Teflon-lined 
autoclave. The resulting precipitate was filtered, washed with copious amount of 
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deionised water and dried in oven at 100 °C for overnight. Calcination was carried out 
at 500 °C for 12 h using a heating ramp of 5 °C/min to reach the final temerature. 
These samples were denoted as x%Si-CZ-H-4 where x denotes the wt. % of Si and H 
represents hydrothermal synthesis. In another study, the effect of hydrothermal time 
(1, 2, 4 and 8 days) on 4%Si-Ce0.5Zr0.5O2 was studied. The calcined samples are 
designated as 4%Si-CZ-H-t, where t = days of hydrothermal treatment. 
 
The iron-doped samples were prepared in a similar procedure to the Si-
containing samples. Fe(NO3)3.9H2O was used as the iron source. A series of catalysts 
with Fe loading of 0.1-5 wt. % of Fe was prepared. The samples are denoted as x-Fe-
CZ-H-4 where x denotes the wt. % of Fe loading. The effect of hydrothermal 
treatment was studied for 2 wt. % loaded Fe samples, and the calcined samples were 
denoted as 2-Fe-Si-CZ-H-t, where t = days of hydrothermal treatment. 
 
7.3 Catalyst Characterization 
7.3.1 X-Ray powder diffraction 
Samples of pure ceria, ceria-zirconia (Ce:Zr of 3:1, 1:1 and 1:3), and zirconia 
were prepared by calcination at 500 °C of the respective hydroxides that had been 
subjected to reflux for 2 days. The X-ray diffraction patterns showed that the calcined 
samples crystallized in the cubic fluorite-type phase (Figure 7-1). However, ceria-
zirconia samples with the formula CexZr1-xO2 (x between 0.35 and 0.65) have also 
been reported to form the metastable tetragonal phases, t’ or t’’, both belonging to the 
space group P42/nmc [9, 10, 18]. The t’ phase is formed through a diffusionless phase 
transition with c/a in the range of 1.001 to 1.02, while the pseudo-cubic t’’ has a 
structure very close to that of the cubic phase. Because of the nanocrystalline nature of 
the materials, the observed peak widths are very broad, ~ 1.7°, making it impossible to 
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discern the presence of the metastable tetragonal phases where the expected splitting 
constants are of the order of 0.5°.  However, there is a displacement of the diffraction 
peaks to higher 2θ with increasing zirconium loading. The lattice parameter, a, 
decreased from 5.4132 Å in CeO2 to 5.1860 Å in Ce0.25Zr0.75O2. The decrease is due 
to substitution of the larger 8-coordinated Ce
4+
 (ionic radius 97 pm) by the smaller 
Zr
4+
 ion (ionic radius 84 pm) [47]. The isotonic decrease in the lattice parameter with 
zirconium content is in accordance with Vegard’s rule for the formation of solid 
solutions. Unlike the ceria-zirconia samples, pure zirconia crystallized predominantly 
in the monoclinic phase. The average crystallite size, D, was calculated from the width 
of the (111) peak at 2 ~29.5° using the Scherrer equation,  cos/KD  , where 
the constant K is taken as 0.9, and  is the peak line width corrected for instrumental 
broadening. The average crystallite size was ~ 6 nm while unsubstituted ceria formed 
bigger crystallites around 10 nm (Table 7-1).  
 
Cerium-zirconium hydroxides (molar ratio 1:1) were hydrothermally treated 
and the influence of the duration of this post-synthesis treatment on the structure and 
stability of the resulting oxides was investigated. The XRD peaks of the 500 °C-
calcined Ce0.5Zr0.5O2 are broad and highly symmetrical (Figure 7-2). From the 
Scherrer equation, the crystallite size is calculated to be around 4.9 to 5.6 nm, with the 
samples hydrothermally-treated for 4 and 8 days forming smaller crystallites (Table 7-
1). ICP-AES measurements show that the cerium:zirconium ratio agrees quite closely 
with the expected values. 
The effect of silica was examined by subjecting cerium-zirconium hydroxides 
(Ce:Zr 1:1) to four days of hydrothermal treatment at 100 ºC in the presence of 
different concentrations of tetraethylorthosilicate. The x-ray diffraction peaks of the 
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samples after calcination at 500 C were of lower intensity and broader than the pure 
ceria-zirconia (Figure 7-3). The crystallite size was calculated to be in the range of 3.3 
– 4.2 nm, which is smaller than that of the pure ceria-zirconia, 5.5 nm (Table 7-2). 
However, no diffraction peaks of silica were observed even for the highest Si loading. 
The amount of silica incorporated in the samples was quantified using ICP analyses. 
For Si loadings  5 wt.%, the amount incorporated agreed very well with the expected 
loading. However, for the higher loadings of 7.5 wt. % and 10 wt. % Si, only about 
6 wt. % Si was found. The x-ray diffractograms of the 4%Si-CZ calcined oxides 
hydrothermally synthesized for 0 to 8 days showed peaks of low intensity 
corresponding to the cubic fluorite phase (Figure 7-4). No silica phase could be 
detected in the samples. The crystallite size was determined to be between 4.2 – 4.4 
nm which is smaller than in the pure ceria-zirconia samples.  
 
The x-ray diffraction patterns of various iron doped samples after calcination 
at 500 °C are shown in Figure 7-5. The crystallites are around 4.0 to 5.4 nm, which is 
bigger than the Si-doped samples. The iron oxide phase was not observed for the Fe 




7.3.2 BET surface area analysis 
The BET surface areas of the calcined ceria-zirconia samples were between 81 
– 89 m2/g, which is higher than for pure ceria or zirconia. From the nitrogen sorption 
isotherms (Figure 7-6), a H2 type hysteresis loop associated with ill-defined pores was 
measured for ceria [48].
 
Using the Barrett, Joyner and Halenda (BJH) equation, the 
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pore diameter was calculated to be 3 – 4 nm. In comparison, the isotherms of the 
ceria-zirconia samples show wider hysteresis with pore diameters in the range of 3 – 5 
nm. The nitrogen adsorption and desorption branches for zirconia are nearly parallel 
and vertical from P/Po 0.8 – 0.98. This H1 type hysteresis is typically found in 
agglomerates of spheroidal particles of rather uniform size and array. Assuming 
spherical particles are formed, the surface area of the hydrothermally-treated samples 
calculated from the crystallite size, D, (SA = 6000/.D where  is the density in g.cm-3 
and D in nm) was 3 to 4 times higher than that measured by nitrogen adsorption. The 
difference in the two sets of results can be attributed to the aggregation of crystallites 
in the samples. This effect was more pronounced for the untreated CZ-H-0 where the 
measured surface area was only about 1/9 of that calculated based on crystallite size. 
 
The nitrogen adsorption studies revealed that the untreated sample, CZ-H-0, 
has low pore volume and a narrow pore size distribution centered around 3.4 nm 
(Figure 7-7 & 7-8). However, hydrothermally-treated samples have a wider range of 
pore sizes from ~ 4 – 5.6 nm and bigger pore volumes than CZ-H-0. After calcination 
at 500 °C for 12 h, the Ce0.5Zr0.5O2 obtained from the untreated hydroxide had a 
surface area of 59 m
2
/g (Table 7-1). Hydroxides that had been subjected to 
hydrothermal treatment at 100 °C formed oxides with higher surface areas, ranging 
from 94 – 130 m2/g. Longer hydrothermal treatment resulted in a higher surface area 
of the calcined oxide, similar to our earlier observations on zirconia [27-29]. After 
calcination to 700 °C, the surface area of the untreated sample, CZ-H-0, was 33 m
2
/g 
but hydrothermally-treated oxides had surface areas of 52 – 97 m2/g. The surface areas 
were quite stable and did not change significantly even after four reduction-oxidation 
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cycles at 700 C. This stabilization of the surface area can be attributed to the 
hydrothermal treatment of the precursors.  
As silica is introduced after precipitation of the cerium-zirconium hydroxide, it 
should be mainly concentrated at the surface. Nevertheless, two effects were observed 
for the silica-doped ceria-zirconia, namely (i) an increase in the surface area and 
(ii) higher resistance to sintering with higher calcination temperatures. For 0%Si-CZ-
H-4, the surface area was 128 m
2
/g but it increased to 199 m
2
/g in 10%Si-CZ-H-4 
(Table 7-2). This dependence of surface area on silica differs from that observed for 
silica-doped materials prepared by flame spray pyrolysis. In the latter samples, it was 
reported that the specific surface area remained constant, at around 93 m
2
/g, for silica 
loadings between 0 - 1.2 wt % but decreased slightly to 86 m
2
/g for higher loadings of 
3 to 6 wt. % silica (1.4 – 2.9 wt. % Si) [36]. The difference in the observations may be 
due to the high temperatures present in the flame synthesis of the oxides. In the 
present study, the samples were prepared by hydrothermal synthesis, and even after 
calcination at 700 ºC for 12 h, the surface area remained high, ranging from 92.2 m
2
/g 
in 0%Si-CZ-H-4 to 168 m
2
/g in 10%Si-CZ-H-4 (Table 7-2). The ability to retain a 
high surface area with higher calcination temperature shows that Si is a good dopant 
for textural stabilization.  
 
The effect of hydrothermal treatment on 4 wt.% Si-containing cerium-
zirconium hydroxide was investigated. Elemental analyses on the calcined 
Si/Ce0.5Zr0.5O2 samples showed that the Si concentration in the samples increased 
slightly with the length of hydrothermal synthesis (Table 7-2). Under the alkaline 
conditions of the hydrothermal synthesis, tetraethylorthosilicate is hydrolysed to the 
soluble Si(OH)4. The longer the precipitate is exposed to the mother liquor, the more 
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silicon that can be taken up. Similar to the silica-free ceria-zirconia, hydrothermal 
treatment of the precursors further increased the surface area of the resulting oxides to 
181 - 201 m
2
/g. In comparison, the untreated oxide, 4%Si-CZ-H-0, had a surface area 
of 141 m
2
/g after calcination to 500 ºC. After calcination at 700 °C, the 
hydrothermally-treated samples retained surface areas of 130 – 149 m2/g while the 




The textural properties of iron-doped cerium-zirconium hydroxide are 
tabulated in Table 7-3. The surface area increased with iron doping to reach a 
maximum at 2 wt. % of Fe. In 0.1% Fe-CZ-H-4, the surface area was 106 m
2
/g while 
the 2% Fe-CZ-H-4 has a surface area of 183 m
2
/g. However, with 5 wt. % Fe, the 
surface area decreased from 183 m
2
/g to 94 m
2
/g. This may be due to the formation of 
iron oxide at the higher loading, as indicated by the XRD results. As observed for the 
pure and silica-doped cerium-zirconium oxides, the surface area of iron-doped oxides 
increased with longer hydrothermal treatment. The pore volume also increased, from 
0.09 cm
3
/g to 0.28 cm
3
/g after 4 days of hydrothermal treatment (Figure 7-9). The 
hydrothermally-treated samples were more robust and after TPR treatment at 700 °C, 
their surface area only decreased by 25 to 35 % as compared to the 500 °C-calcined 
oxides. However, the untreated oxides suffered a 55% decrease in surface area. 
 
7.3.3 X-ray photoelectron spectroscopy 
The electron binding energies (eV) of O 1s, Zr 3d, Ce 3d photoelectron peaks 
and the corresponding atomic ratios (Ce/Zr) are presented in Table 7-4. The O 1s 
representative photoelectron peaks of CeO2-ZrO2 at different days of hydrothermal 
treatment are depicted in Figure 7-10. The O 1s signal can be deconvoluted into two 






 ions. The oxygen ions in pure CeO2 are reported to exhibit intense 
peaks at binding energy in the range of 528-530.1 eV. For the pure ZrO2 the O 1s peak 
is reported at a slightly higher binding energy of 530.6 eV. Thus, the binding energies 
of the most intense O 1s peak can be attributed to the oxygen atoms bound to the 
CeO2-ZrO2 solid solutions, indicating the absence of pure CeO2 and ZrO2.  
 
The Ce 3d profile is more complicated due to mixing of Ce 4f levels with O 2p 
states (Figure 7-11). The spectrum can be deconvoluted into eight Gaussian peaks 
including the Ce
4+ 
3d3/2 at 900.3 (u), 906.8 (u´) and 915.9 (u´´´) eV and the 3d5/2 at 
881.7 (v), 888.8 (v´´) and 897.7 (v´´´) eV. Specific Ce
3+
 features are also present at 
885.0 (v´) and 902.5 (u´) eV. The notation of Burroughs et al [49] was used to 
elucidate the Ce 3d peaks. Two sets of spin orbital multiplets, corresponding to the 
3d3/2 and 3d5/2 contributions were labeled as u and v respectively. The peaks labeled v 













Ce(IV) final states, and the peaks denoted v΄´´ corresponds to the Ce 3d9 4f0 O 2p6 













 of Ce (III). The same assignment can be applied to u structures, 
which correspond to the Ce 3d3/2 levels. 
 
7.3.4 Transmission electron microscopy 
Representative TEM images of the CZ-H-0 and CZ-H-4 samples are shown in 
Figure 7-12. Inspection of the images revealed well formed crystallite of ceria-zirconia 
mixed oxides. The crystallite size calculated from the images is around 4.5 nm, which 
agrees well with the crystallite size calculated from that of the XRD measurement 
using Scherrer equation.  
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The TEM pictures of 4%Si-CZ revealed well shaped nanoparticles of high 
crystallinity (Figure 7-13a). The crystallites were about 4.2 nm in size. After 
calcination at 1000 °C, the average crystallite size increased by three fold, to ~ 13 nm 
(Figure 7-13b). Furthermore, an amorphous silica over-layer could be seen in addition 
to the crystalline ceria-zirconia. The crystallite sizes agree well with the values 
obtained from XRD using the Scherrer equation. TEM pictures of 2%Fe-CZ samples 
hydrothermally treated for 0 and 4 days are shown in Figure 7-14. The 2%Fe-CZ 
samples, obtained with and without any hydrothermal treatment, were ~ 4.2 nm and 
5.5 nm respectively.  
 
7.3.5 Isopropanol dehydration 
Isopropanol dehydration was carried out at 200 °C to 300 °C over various 
ceria-zirconia mixed oxides hydrothermally treated at 100 °C for two days and 
calcined at 500 °C (Table 7-5). Helium was used as the carrier gas and the flow rate 
was maintained at 50 ml/min and 150 mg of the ceria-zirconia was tested for the 
activity. Before carrying out the activity measurement each sample was activated by 
heating at 300 °C for 2 h in the flow of helium. The conversion vs temperature and the 
selectivity vs temperature curves for various ceria-zirconia are shown in Figure 7-15 
and Figure 7-16 respectively. Pure ZrO2 was not very active, only 2.6% conversion at 
225 °C, increasing to 22.2% at 275 °C. Pure CeO2 was very active, but the selectivity 
to propene decreased from 99.1% to 81.2% while increasing the temperature from 225 
°C to 275 °C. Mixed oxides were more active than ZrO2. While varying the cerium 
and zirconium mole ratio, the catalyst with Ce/Zr mole ratio 3 was most active with 
98 % conversion and 99% selectivity to propene at 225 °C. The selectivity to propene 
over ZrO2 was only 47%, major product was acetone. But with the addition of cerium, 
the selectivity to propene increased to >92%.  
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For Ce0.5Zr0.5O2 series, without any digestion, the activity was low only 2.9% 
at 225 °C, increasing to 11.2% at 275 °C (Figure 7-17). After digestion, conversion 
increased and C1Z1-R-8 showed almost complete conversion. The selectivity to 
propene also increased from 18.2% in C1Z1-R-0 to 98.5% in C1Z1-R-8. This indicates 
an increase in the acidity of the sample. 
 
7.4 Oxygen storage capacity 
7.4.1 Effect of ceria zirconia mole ratio 
Temperature-programmed reduction (TPR) using CO was carried out to 
compare the reducibility of ceria-zirconia samples with different Ce:Zr ratio (Figure 7-
18). With pure ceria, only a small CO uptake (coinciding with evolution of CO2) was 
observed at 300 °C which can be attributed to reduction of Ce
4+
 located at the surface. 
No other CO absorption or CO2 evolution was observed up to 700 °C, as the bulk 
reduction of ceria is known to take place around 900 °C [5]. Irrespective of the Ce:Zr 
ratio, the mixed oxide samples were more easily reduced than the pure ceria, as seen 
from the desorption of CO2 between 180 °C to 650 °C. For C3Z1-R-2, the CO2 peak 
was centered at 405 °C with a small shoulder at lower temperature, around 250 °C. 
The shoulder is most likely due to removal of oxygen from the surface layers while 
reduction of deeper layers is expected to occur at higher temperatures. With 
decreasing cerium content in the mixed oxide, this shoulder became more pronounced 
while the main desorption peak shifted to higher temperatures. In contrast to ceria and 
the ceria-zirconia samples, pure zirconia did not absorb any CO, showing that it is not 
easily reduced.  
 
The OSC was estimated by injecting oxygen pulses to the reduced sample at 
700 °C, until there was no further increase in the intensity of the oxygen signal. 
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During the initial pulses, the mass spectrometer detected some CO2 (between 0.01 – 
0.03 mmol/g). This shows that during TPR with CO, some carbon was formed on the 
surface of the oxide. The dissociation and/or disproportionation of CO have been 
observed to occur over partially reduced ceria even at room temperatures [50]. The 
oxygen consumed for the titration of the surface carbon was deducted from the total 
oxygen uptake (Table 7-6). As pure zirconia did not undergo any measurable 
reduction, no oxygen uptake was noted. The OSC for ceria at 700 °C was 0.37 mmol 
O2/g which is within the range of 0.186 to 0.50 mmol O2/g reported by other groups 
[51, 52]. The OSC of the ceria-zirconia samples was higher than that of pure ceria, 
and increased to a maximum of 0.58 mmol O2/g in C1Z1-R-2 (Table 7-6). The 
maximum amount of oxygen that can be removed from the ceria-zirconia sample with 
mole ratio 1:1 is 0.8 mmol O2/g. 
 
7.4.2 Influence of hydrothermal treatment on the oxygen storage capacity  
In addition to higher surface area and better thermal stability, the hydrothermal 
treatment also influenced the OSC of Ce0.5Zr0.5O2. Untreated Ce0.5Zr0.5O2 was reduced 
between 180 °C to 650 °C, with the maximum CO2 desorption at 450 °C (Figure 7-
19). Although ceria-zirconia samples prepared from hydrothermally-treated precursors 
were reduced within the same temperature range, the peak maximum was shifted to 
lower temperatures between 368 – 406 °C (Figure 7-19). The higher surface area of 
these samples allows more gas-surface interaction, thus facilitating the removal of 
oxygen. In the untreated oxide, CZ-H-0, the OSC was 0.50 mmol O2/g but it increased 
to 0.59 mmol O2/g for CZ-H-1 (Table 7-6). Longer hydrothermal treatment did not 
increase the OSC any further, with values of 0.57 – 0.58 mmol O2/g. This was further 
confirmed by TGA-MS measurements and the weight loss determined was similar to 
the OSC values obtained by oxygen pulsing method (Figure 7-20). 
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7.4.3 Influence of different wt% of silica doping on OSC 
The CO2 desorption curves of 4-day hydrothermally-synthesized ceria-zirconia 
with Si loadings of 0 – 10 wt. % were compared (Figure 7-21). For 1%Si-CZ-H-4, a 
low temperature shoulder at about 290 ºC was followed by a larger desorption peak at 
381ºC. For 2%Si-CZ-H-4, the low temperature shoulder merged into the higher 
temperature peak so that only a single asymmetric reduction peak centered at 385 ºC 
was observed. As the silica content increases, the reduction takes place at higher 
temperatures. The OSC for ceria-zirconia with 1 – 5 wt. % Si was higher than for the 
undoped sample but oxides with even higher Si loading had smaller OSC (Table 7-7). 
Hence, an intermediate silica loading is beneficial for an enhancement in the OSC of 
ceria-zirconia.  
 
7.4.4 Effect of hydrothermal treatment on silica-containing ceria-zirconia 
The CO reduction of the 4%Si-CZ-samples occurred above 250 ºC with the 
peak maximum shifting to higher temperatures for the hydrothermally treated samples 
(Figure 7-22). Compared with the CZ-H-series (Figure 7-19), the asymmetry of the 
desorption peaks was less pronounced for the silica-containing samples. This, together 
with the later onset of reduction, suggests that less oxygen was removed from the 
surface layers than in the silica-free samples. Indeed the OSC of the silica-doped 
samples at 400 C and 500 C was lower than that of the pure ceria-zirconia (Figure 7-
23). The presence of silica at the surface may block sites required for adsorption of 
CO. However, at 600 C and above, the 4- and 8-day hydrothermally-treated silica-
doped samples had higher OSC than those subjected to shorter hydrothermal 
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treatment. The OSC values of 0.65 – 0.69 mmol O2/g indicates that about 77 – 80 % 
of the Ce
 
can be reversibly reduced and reoxidised.  
 
7.4.5 Influence of different wt% of iron doping on OSC 
  The CO2 curves of the 4-day hydrothermally synthesized ceria-zirconia with 
iron loadings of 0.1-5 wt. % were compared (Figure 7-24). For 0.1%Fe-CZ-H-4, a 
single asymmetric reduction peak centered at 422 °C was observed. This was shifted 
to 388°C for 0.3%Fe-CZ-H-4. However, a higher iron loading of 0.5 wt. % resulted in 
a large reduction peak at 372 °C and a small shoulder at 495 °C. From 1 wt. % Fe 
onwards, more CO2 desorbed above 500 °C. 
  The high temperature peak was not observed in the iron-free ceria zirconia 
samples, and may be attributed to the reduction of iron oxide. It is well documented 
that the reduction of bulk hematite (Fe2O3) proceeds via magnetite (Fe3O4) and 
wustite (FeO) to metallic iron. However, the formation of wustite cannot be observed 
because it is metastable and disproportionates into magnetite and metallic iron below 
620 °C [53]. Unmuth et al [54] reported that the TPR profile of 5 wt% Fe/SiO2 
consists of two peaks (T = 280 and 427 °C) which correspond to the aforementioned 
two-step reduction process. Thus, with higher loading of iron oxide, the high 
temperature CO2 desorption peak is most probably due to the reduction of Fe2O3 to 
Fe
0
. The addition of iron oxide in ceria-zirconia enhanced the reducibility of the 
sample. The 2%Fe-CZ-H-4 samples was tested for repeated runs of reduction (TPR) 
and re-oxidation (O2 pulsing). The CO2 signal resulting from the TPR cycles are 
shown in Figure 7-25. The activity of the samples remains the same irrespective of the 
number of cycles and the OSC was the same as the first cycle. Thus the sample can be 
reused without the loss in activity at 700 °C. 
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  The OSC of the samples increased from 0.61 mmol/g for 0.1%Fe-CZ-H-4 to 
1.35 mmol/g for 5%Fe-CZ-H-4. However, these values are higher than those obtained 
from iron-free ceria-zirconia samples. The calculated values expected from the iron 
loaded ceria-zirconia samples are tabulated in Table 7-8. A possible interpretation of 
these results might be that during the reduction step, in addition to the oxygen stored 
in the cerium-zirconium oxide, oxygen of the iron oxide can also be reduced and re-
oxidized. The fact that iron oxide can store oxygen in the 500-800 °C is due to the 
multiple oxidation states of Fe, where Fe2O3-x can store oxygen under oxidizing 
conditions [41, 42]. The following reaction scheme explains the contribution of iron 
oxides to OSC, 
FeO1/2OFe 2   
432 OFe1/2O3FeO   
32243 O3Fe1/2OO2Fe   
The amount of oxygen stored in the iron oxide corresponding to 2 wt% Fe deposited 
on ceria-zirconia mixed oxide is 0.3 mmolO2/g. This together with the theoretical 
amount of oxygen that can be removed from ceria-zirconia (assuming complete 
reduction of Ce
4+→Ce3+) is 1.1 mmolO2/g. In iron-free ceria-zirconia, 0%Fe-CZ-H-4 
sample the OSC measured is 0.57 mmolO2/g and with doping of 2%Fe on ceria 
zirconia samples, the OSC increased to 1.08 mmolO2/g (Table 7-8). Thus these results 
indicate that Fe influences the reduction and oxygen storage behavior of CeO2 in the 
ceria-zirconia support. 
 
7.4.6 Effect of hydrothermal treatment on iron-doped ceria-zirconia 
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  The influence of hydrothermal treatment on iron-doped ceria-zirconia was 
investigated by synthesizing 2%Fe-CZ samples with different days of hydrothermal 
samples (Figure 7-26). The TPR curves exhibit differences for different days of 
hydrothermal treatment. For 2%Fe-CZ-H-0 exhibits two asymmetric peaks at 399 and 
561 °C. With one day of hydrothermal treatment the reduction temperature decreased 
to 359 °C, with formation of two other peaks at 498 and 591 °C. The reduction 
temperature was lowered up to 350 °C for 2 and 4 days of hydrothermally synthesized 
samples. The oxygen storage capacity increases from 0.90 mmol/g for 0 day to 1.08 
mmol/g for 4 days hydrothermal treatment (Table 7-8).  
 
6.4.3 Effect of high temperature treatment on the surface area and OSC 
After calcination at 1000 C for 12 h, the untreated CZ-H-0 sample had a 
surface area of 4.23 m
2
/g while the hydrothermally treated CZ samples retained 9 – 12 
m
2
/g. The latter values are similar to that reported by Si et al. [34] for ceria-zirconia 
doped with rare-earth metals like praseodymium and neodymium. From XRD of these 
samples, the crystallite size increased by about threefold to between 10 – 11 nm. The 
TPR curves of the 1000 C-calcined samples were shifted to higher temperatures 
compared to samples calcined at 500 C (Figure 7-27). This may be partly attributed 
to the lower surface area as sites for CO adsorption becomes limiting. Furthermore, as 
larger crystallites formed due to sintering, the diffusion path for the migration of bulk 
oxygen to the surface is increased. However, despite of an almost 10-fold decrease in 
surface area, the OSC of CZ-H-0 and CZ-H-4 was only reduced by half to 0.22 – 0.26 
mmol O2/g (Figure 7-27). 
The surface area of silica-doped ceria-zirconia decreased tremendously to 1.0 – 
2.8 m
2
/g after calcination at 1000 C. This is despite their ability to maintain high 
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surface areas when calcined to 700 C. From XRD of these samples, the crystallite 
size increased by about threefold to between 13 – 15 nm. The TPR curves of the 
1000 C-calcined samples were shifted to higher temperatures compared to samples 
calcined at 500 C (Figure 7-28). The OSC after calcination at 1000 °C for 4%Si-CZ-
H-0 and 4%Si-CZ-H-8 was smaller, 0.07 and 0.1 mmol O2/g, respectively. X-ray 
photoelectron spectroscopy showed that the surface Si concentration was higher after 
calcination at 1000 C than at 500 C (Figure 7-29). In 4%Si-CZ-H-0, the 
Si/(Si+Zr+Ce) increased from 0.10 to 0.37. Furthermore, the binding energy of the Si 
2p peak was shifted from 101.4 eV to 102.4 eV which suggests a change in the nature 
of the silicon [55-57]. Besides the surface enrichment of Si, the Zr/Ce ratio also 
changed from 1.1 after calcination at 500 C to 2.0 after calcination at 1000 C. This 
result suggests that after the calcination at 1000 C, a surface overlayer of a 
zirconium-rich silicate phase is formed, which in turn reduces the surface area and the 
oxygen storage capacity.  
 
6.5 Discussion 
Continuous dissolution and reprecipitation during hydrothermal treatment 
result in particles with a range of sizes depending on the temperature, pH of the 
medium and time. Under the high temperature of the hydrothermal synthesis, 
collisions between primary particles are enhanced so that agglomeration to secondary 
ones is facilitated. The larger pore sizes in the hydrothermally-treated samples can be 
attributed to voids between the secondary particles. In contrast, the smaller pores of 
the untreated CZ-H-0 show that there is little aggregation to secondary particles. 
Condensation between particles occurs via neck formation thus forming a 
strengthened porous network which is better able to withstand capillary forces during 
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drying and calcination to high temperatures. This is supported by an increase in 
porosity from 0.06 cm
3
/g to 0.16 cm
3
/g with longer hydrothermal treatment (Table 7-
1). Irrespective of whether the hydroxides had been hydrothermally treated or not, the 
crystallite size of calcined Ce0.5Zr0.5O2 was comparable, ranging from 4.9 to 5.6 nm. 
However, after repeated redox treatment, the crystallite size increased to 7.4 nm in the 
untreated CZ-H-0 as compared to 5.8 to 6.5 nm for 2- to 8-day treated samples. The 
better thermal stability may be due to the decrease or elimination of defect sites such 
as Schottky defects which are believed to be responsible for sintering of particles [58]. 
 
The positive effect of Si doping on the OSC has been observed before, 
although the reported optimum dopant level varies. Rocchini et al. [35] reported the 
formation of amorphous silica and nanocrystalline ceria following high temperature 
redox treatment of ceria with more than 3 wt. % Si. The authors correlated this to the 
promotion of oxygen storage. For Ce0.5Zr0.5O2 synthesized by flame-spray pyrolysis, 
Schulz et al. [36] found an enhanced OSC for silica loadings up to 3 wt. % SiO2 (1.4 
wt. % Si). The enhancement in OSC for silica-doped ceria-zirconia could be due to 
similar reasons as that proposed for zirconia-doped ceria. Incorporating the small Si
4+
 
ion (ionic radius 40 pm) into the ceria lattice should result in even more strain than the 
presence of Zr
4+
, hence favoring the reduction of Ce
4+
 to the bigger Ce
3+
 ions. The 
oxygen vacancies formed due to charge compensation result in an increase in the 
reduction/oxidation property of the silica-doped ceria-zirconia. However, high silica 
loadings could lead to blockage of surface sites for absorption of oxygen or form a 
diffusion barrier for oxygen exchange so that the increase in OSC shows a maximum 
with Si loading. 
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The iron deposited on the ceria-zirconia support can act as an additional 
oxygen storage component or alters the oxygen chemisorptive properties of the 
material, which are associated with the oxygen storage and release processes. This 
explains the higher OSC than those obtained in the iron-free ceria-zirconia samples. 
The oxygen storage capacity increased with increasing iron loading and reached a 
maximum with 2 wt. % iron loading. Aneggi et al [43] reported the promotion of 
activity in Fe-doped ceria and correlated the activity to the close interaction taking 
place through the sharing of oxygen anion by the Fe-O-Ce bonds. Lambrous et al [42, 
59] deposited Fe (0.1-0.4 wt. %) on Pd-Rh-CeO2/Al2O3 by wet impregnation method 
and demonstrated by DRIFTS and XPS measurements that Fe caused electronic 
interactions that influenced the oxidation states of Pd and Rh and enhanced the 
chemisorption properties of ceria.  
 
Contrary to expectation, a high surface area is not the determining quantity for 
good reversible oxygen storage. In this work, ceria-zirconia with various surface areas 
could be synthesized by varying the hydrothermal time. Our results show that 
materials with surface areas less than 50 m
2
/g had smaller OSC values than those with 
higher surface areas (Figure 7-31). However, the OSC does not increase 
proportionally with the surface area and remains between 0.5 – 0.7 mmol O2/g for 
surface areas above 50 m
2
/g. If the oxygen exchange involves only the surface, the 
OSC is expected to be proportional to the surface area. However, if ions from the bulk 
contribute substantially to the amount of reversibly exchanged oxygen, then one 
expects to see a limiting amount for very small crystallites where the entire material 
becomes completely reduced. The ease of oxygen removal, which manifests itself in 
an earlier onset of the peak in the TPR, could be due to better atomic mixing as a 
result of dissolution and reprecipitation of the cerium-zirconium hydroxide during 
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hydrothermal treatment. This is in line with the hypothesis of Nagai et al. [46] that 
atomic homogeneity plays an important role in OSC. These authors observed that a 
CeO2-ZrO2 sample with a very low surface area of 1 m
2
/g had an OSC of 1.5 mmol-
O/g, whereas another sample with 125 m
2
/g had an OSC of only 0.16 mmol-O/g. 
Likewise, Mamontov et al. [60] found that the OSC did not correlate with the surface 
area or the crystallite size but rather with the size of intracrystallite domains enriched 
in zirconia. Oxygen located at the interface between the zirconia-rich and ceria-rich 
domains is postulated to be responsible for the OSC. The highest OSC was associated 
with small domain sizes, irrespective of the size of the crystallite. Si et al. [34] 
observed that the OSC does not depend strongly on the grain size, surface area or 






Hydrothermal treatment of cerium-zirconium hydroxides under alkaline 
conditions gave rise to nanocrystalline ceria-zirconia. The surface area and porosity of 
Ce0.5Zr0.5O2 increased with the length of hydrothermal treatment. These samples 
showed good thermal stability and structural integrity even after repeated redox 
cycles. The OSC of hydrothermally treated samples was higher than that of untreated 
ceria-zirconia. These samples were also more reducible as oxygen could be removed 
at a lower temperature than for the untreated ceria-zirconia. The amount of reversibly 
exchangeable oxygen is as high as 80% of the theoretical capacity, assuming that all 
cerium can be reduced from the +4 to the +3 state, whereas Zr
4+
 does not change its 
oxidation state. The addition of silica to ceria-zirconia resulted in surface area up to 
185 m
2
/g after calcination at 500 C. The silica-doped samples had good thermal 
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stability up to 700 C, but a higher calcination temperature of 1000 C resulted in a 
drastic decrease in the surface area and OSC. From XPS studies, the surface regions of 
the silica-doped samples were found to be enriched in Si and Zr after the high 
temperature calcination. The addition of Fe to ceria-zirconia samples increased the 
surface and the OSC of the material. Iron acts as an oxygen storage component under 
oxidizing conditions through the multiple oxidation state of Fe. The OSC shows a 
strong dependence on surface area for ceria-zirconia with less than 50 m
2
/g but for 
high surface area oxides, the amount of exchangeable oxygen is limited by the 










































CeO2-R-2 57.1 37.1 - 0.07 10.2 18.7 - 
C3Z1-R-2 89.3 67.4 84.0 0.10 6.5 8.1 2.53 
C1Z1-R-2 88.5 55.8 59.5 0.13 5.8 6.2 1.07 
C1Z3-R-2 81.3 53.3 56.8 0.13 6.8 7.5 0.26 
ZrO2-R-2 69.6 21.8 17.8 0.31 - - - 
CZ-H-0 59.2 32.9 26.3 0.06 5.5 7.4 1.07 
CZ-H-1 93.3 51.8 55.7 0.11 5.6 7.0 1.08 
CZ-H-2 94.6 56.8 62.0 0.12 5.4 6.5 1.08 
CZ-H-4 128 92.2 85.4 0.15 4.9 5.9 1.09 
CZ-H-8 130 97.5 93.7 0.16 5.0 5.8 1.09 
a
calculated from Scherrer equation  
b





























 500 C 700 C After 
TPR 




0%Si-CZ-H-4 128 92.2 75.4 0.15 - 5.5 7.4 
1%Si-CZ-H-4 140 102 99.0 0.18 1.13 4.2 4.7 
2%Si -CZ-H-4 142 114 113 0.17 2.04 4.2 5.6 
3%Si-CZ-H-4 145 125 126 0.16 3.15 4.2 4.4 
4%Si-CZ-H-4 171 135 136 0.19 3.87 4.2 4.8 
5%Si-CZ-H-4 175 152 140 0.18 4.73 3.8 4.5 
7.5%-Si-CZ-H-4 184 158 154 0.20 5.50 3.3 3.9 
10%Si-CZ-H-4 199 168 160 0.21 5.98 4.3 4.8 
4%Si-CZ-H-0 141 96.0 99.0 0.11 3.03 4.2 4.9 
4%Si-CZ-H-1 201 139 142 0.20 3.80 4.3 4.6 
4%Si-CZ-H-2 181 130 130 0.17 3.94 4.3 4.7 
4%Si-CZ-H-4 182 138 147 0.17 4.05 4.3 4.6 
4%Si-CZ-H-8 185 149 148 0.18 4.14 4.4 4.8 
a



























 500 C 
 
After TPR 500 C  500 °C 
0%Fe-CZ-H-4 128 75.4 0.15 - 5.5 
0.1%Fe-CZ-H-4 106 66 0.14 - 4.3 
0.3%Fe -CZ-H-4 151 104 0.20 0.28 4.1 
0.5%Fe-CZ-H-4 161 116 0.21 0.47 4.6 
1%Fe-CZ-H-4 114 73 0.15 1.1 4.3 
2%Fe-CZ-H-4 183 159 0.28 2.2 4.1 
5%-Fe-CZ-H-4 94 51 0.14 4.8 4.7 
2%Fe-CZ-H-0 69 31 0.09 2.3 5.4 
2%Fe-CZ-H-1 128 90 0.21 2.2 4.5 
2%Fe-CZ-H-2 102 65 0.13 2.3 5.2 
2%Fe-CZ-H-4 183 138 0.28 2.2 4.1 
2%Fe-CZ-H-8 130 83 0.16 2.0 4.8 
 
a
From ICP-AES  
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Table 7-4. XPS electron binding energies (eV) and atomic ratio of ceria-zirconia 











Sample Binding Energy (eV) XPS atomic 
ratio 
Ce/Zr 
O 1s Ce 3d5/2 Zr 3d5/2 
CZ-H-0 531.2 881.7 181.6 1.16 
CZ-H-1 531.2 881.6 181.6 1.13 
CZ-H-4 531.1 881.6 181.6 1.15 
CZ-H-8 531.1 881.7 181.6 0.94 
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Table 7-5. Activity for isopropanol dehydration over various cerium-zirconium mixed 
oxides. 
a





Sample Reaction temperature  
225 ° C 
Reaction temperature  
250 ° C 
Reaction temperature  


















CeO2-R-2 98.8 99.1 97.3 89.4 96.7 81.2 
C3Z1-R-2 99.4 98.4 99.4 99.5 99.1 99.5 
C1Z1-R-2 85.9 92.5 99.7 96.9 99.7 96.9 
C1Z3-R-2 75.2 97.9 99.7 96.8 99.7 97.4 
ZrO2-R-2 2.6 47.0 7.7 65.2 22.2 77.7 
C1Z1-R-0 2.9 18.2 4.6 47.2 11.2 68.8 
C1Z1-R-1 53.8 87.2 97.8 99.5 99.3 99.8 
C1Z1-R-2 85.9 92.5 99.7 96.9 99.7 96.9 
C1Z1-R-4 96.0 99.1 97.4 98.9 98.6 99.6 
C1Z1-R-8 99.4 98.5 99.3 99.3 99.2 99.0 
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 From O2 pulsing From TGA 
CeO2-R-2 0.37  
C3Z1-R-2 0.54  
C1Z1-R-2 0.58  
C1Z3-R-2 0.44  
ZrO2-R-2 -  
CZ-H-0 0.50 0.49 
CZ-H-1 0.59  
CZ-H-2 0.58  
CZ-H-4 0.56 0.58 



















 From O2 pulsing  From O2 pulsing 
0%Si-CZ-H-4 0.57 4%Si-CZ-H-0 0.50 (0.50)
a
 
1%Si-CZ-H-4 0.64 4%Si-CZ-H-1 0.55 
2%Si -CZ-H-4 0.63 4%Si-CZ-H-2 0.59 
3%Si-CZ-H-4 0.64 4%Si-CZ-H-4 0.65 
4%Si-CZ-H-4 0.65 4%Si-CZ-H-8 0.69 (0.70)
a
 
5%Si-CZ-H-4 0.65   
7.5%-Si-CZ-H-4 0.58   
























iron in Fe-CZ 
samples  
(mmol O2/g) 





 From O2 pulsing   
0.1%Fe-CZ-H-4 0.61 0.012 0.861 
0.3%Fe -CZ-H-4 0.72 0.038 0.885 
0.5%Fe-CZ-H-4 0.71 0.063 0.909 
1%Fe-CZ-H-4 0.83 0.151 0.991 
2%Fe-CZ-H-4 1.08 0.302 1.133 
5%Fe-CZ-H-4 1.35 0.648 1.457 
2%Fe-CZ-H-0 0.90 (0.68)
a
 0.303 1.134 
2%Fe-CZ-H-1 0.98 0.292 1.124 
2%Fe-CZ-H-2 1.04 0.304 1.135 
2%Fe-CZ-H-4 1.08 (0.92)
a
 0.302 1.133 
2%Fe-CZ-H-8 0.99 0.274 1.107 
    





























































 Figure 7-2. XRD of 500 C-calcined Ce0.5Zr0.5O2 prepared by hydrothermal synthesis 






























Figure 7-3. XRD patterns (a) CZ-H-4, (b) 1%Si-CZ-H-4, (c) 2%Si-CZ-H-4, (d) 4%Si-
































Figure 7-4. X-Ray diffraction patterns 4 wt% Si-loaded ceria-zirconia sample 

































Figure 7-5. X-Ray diffraction patterns (a) 0.1%Fe-CZ-H-4 (b) 0.3%Fe-CZ-H-4 (c) 














































Figure 7-6. Nitrogen sorption isotherms of (a) CeO2-R-2 (b) C3Z1 -R-2 (c) C1Z1-R-2  








































Figure 7-7. Nitrogen sorption isotherms of (a) CZ-H-0 (b) CZ-H-1 (c) CZ-H-2 (d) CZ-
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Figure 7-8. Pore size distribution of Ce0.5Zr0.5O2 prepared by hydrothermal synthesis 



























Figure 7-9. Pore size distribution of 2%Fe-CZ hydrothermally synthesized for () 0 (-
) 1 () 2 (■) 4 () 8 days. 
 













Figure 7-10. O1s XPS spectra of the CZ-H-0 and CZ-H-8.  
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Figure 7-15. Conversion vs temperature curve for isopropanol dehydration on ceria-
zirconia oxides (Ce/Zr=1) hydrothermally treated at 100°C for various days. (Reaction 






























Figure 7-16. Selectivity vs temperature curve for isopropanol dehydration on ceria-
zirconia oxides (Ce/Zr=1) hydrothermally treated at 100°C for various days. (Reaction 




















Figure 7-17. Activity for isopropanol dehydration on ceria-zirconia oxides (Ce/Zr=1) 
hydrothermally treated at 100°C for various days. (Reaction conditions: He flow 50 

































































Figure 7-19. CO2 signal during TPR of (a) CZ-H-0 (b) CZ-H-1 (c) CZ-H-2 (d) CZ-H-














































































Figure 7-21. CO2 signal during TPR of (a) CZ-H-4, (b) 1%Si-CZ-H-4, (c) 2%Si-CZ-




























Figure 7-22. CO2 signal during TPR of (a) 4%Si-CZ-H-0 (b) 4%Si-CZ-H-1 (c) 4%Si-



























Figure 7-23. Oxygen storage capacity at different temperatures for 2%Fe-CZ-H 
(dotted lines) and 4%Si-CZ-H (full lines) hydrothermally treated for 0 (■, □); 1 (); 2 


































Figure 7-24. CO2 signal during TPR of (a) 0%Fe-CZ-H-4 (b) 0.3%Fe-CZ-H-4 (c) 





























































Figure 7-26. CO2 signal during TPR of (a) 2%Fe-CZ-H-0 (b) 2%Fe-CZ-H-1 (c) 
































Figure 7-27. CO2 signal during TPR of (a, c) CZ-H-0 and (b, d) CZ-H-4 calcined at 































Figure 7-28. CO2 signal during TPR of (a, c) 4%Si-CZ-H-0 and (b, d) 4%Si-CZ-H-8 

















































Figure 7-30. Oxygen storage capacity at different temperatures for CZ-H 
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